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ABSTRACT
When a massive star explodes as a Gamma Ray Burst information about this explosion is
retained in the properties of the prompt and afterglow emission. We report on new relationships
between the prompt and X-ray afterglow emission of Swift-detected Gamma Ray Bursts found
from BAT and XRT data between 2004 December and 2013 August (754 GRBs). These relations
suggest that the prompt and afterglow emission are closely linked. In particular, we find very
strong correlations between the BAT 15-150keV T90 and the break times before and after the
plateau phase in the X-ray 0.3-10keV afterglow light curves. We also find a strong anti-correlation
between the photon index of the GRB prompt emission and the X-ray spectral slope of the
afterglow. Further, anti-correlations exist between the rest frame peak energy in the prompt
emission, Epeak,z, and the X-ray afterglow decay slope during the plateau phase and the break
times after the plateau phase. The rest-frame break times before and after the plateau phase are
also anti-correlated with the rest-frame 15-150keV luminosity and isotropic energy during the
prompt emission. A Principal Component Analysis suggests that GRB properties are primarily
driven by the luminosity/energy release in the 15-150 keV band. Luminosity functions derived at
various redshifts from logN-logS analysis, indicate that the density of bright bursts is significantly
lower in the local Universe compared with the Universe at z≈3, where the density of bright GRBs
peaks. Using cluster analysis, we find that the duration of Swift BAT-detected short-duration
GRBs is less than 1s. We also present the catalogue of all Swift-onboard detected bursts.
Subject headings: GRBs: general
1. Introduction
The Swift mission (Gehrels et al. 2004) has
revolutionized the study of Gamma-Ray Burst
(GRB) afterglows. With Swift it was possible
for the first time to access the earliest phase
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of X-ray afterglows. In the pre-Swift era ob-
servations of the X-ray afterglow were limited
to the ’normal’ decay phase, typically starting
roughly a day after detecting the burst. During
the BATSE era only a relatively small number
of bursts were actually followed up by X-ray ob-
servatories such as BeppoSAX(Costa et al. 1999;
De Pasquale et al. 2006). All this changed when
Swift was launched in November 2004. Swift is
an autonomous robot making it possible to ob-
serve the X-ray afterglow starting typically 1 or
2 minutes after the trigger by the Swift Burst
Alert telescope (BAT, Barthelmy 2005). Over
almost 9 years in orbit (August 2013), Swift has
discovered more than 800 GRBs, providing the
largest sample of GRBs with prompt and after-
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glow emission observations. The prompt emission
is likely the result of internal shocks produced in
the newly formed jet (e.g. Me´sza´ros 2006). Fur-
ther models include photospheric emission includ-
ing either baryon- (Pe’er et al. 2006; Beloborodov
2010) or magnetic field (Drenkhahn & Spruit
2002; McKinney & Uzdensky 2012) dominated
ejecta. Additionally magnetic reconnection ir-
respective of the photospheric emission can be
responsible for the prompt emission (Thompson
1994; Zhang & Yan 2011).
For the afterglow, the external shock scenario
(Me´sza´ros & Rees 1997) is observationally the
most supported mechanism with modifications in-
volving jet opening angle effects (Rhoads 1999),
the nature of the interstellar medium (wind or con-
stant density profile Panaitescu & Kumar (2000))
or possible late energy injection (Rees & Me´sza´ros
1998).
As shown by Nousek et al. (2006) and Zhang et al.
(2006), X-ray afterglows typically display a canon-
ical light curve which is described by a very steep
initial decay slope followed by a much shallower
slope - usually referred to as the ’plateau phase’.
After this plateau phase we see the ’normal’ decay
phase. The initial decay slope in the X-ray light
curve always regards as the tail of the prompt
emission phase (Zhang et al. 2007; Zhang et al.
2009). The plateau phase marks the beginning
of the afterglow phase which is generally caused
by external shocks when the jet starts interacting
with the interstellar medium. Swift’s ability to
observe GRBs in soft X-rays within minutes after
the explosion has lead to the discovery of flares
in roughly 1/3 of all GRBs (e.g. Falcone et al.
2007; Margutti et al. 2011b). Swift not only rev-
olutionized GRB studies, but the large number
of bursts covered with multi-wavelengths obser-
vation and redshift measurements allows for the
first time a very detailed statistical analysis of
GRBs including cosmological studies of GRBS
(e.g. Wanderman & Piran 2010)
Although a connection between the prompt
and the afterglow emission of a GRB is ex-
pected according to the standard fireball model
(e.g., Me´sza´ros 2006), in the early days of Swift
there was no evidence for such a connection
(Willingale et al. 2007) except for the fluences in
the prompt and afterglow emission. As shown by
Gehrels et al. (2008) based on the observations
of the GRBs detected during the first two and
half years of Swift, there is a strong correlation
between the fluence in the 15-150 keV band and
the flux density of the X-ray afterglow emission.
O’Brien et al. (2006) showed that the Swift BAT
and XRT light curves of the prompt and afterglow
emission can be typically consistently connected.
Recently Margutti et al. (2013) performed a sta-
tistical analysis of all Swift-detected GRBs until
December 2010 and found clear correlations be-
tween the energetics of the prompt and the after-
glow emission which also seem to suggest a univer-
sal scaling relation between short and long dura-
tion GRBs (Bernardini et al. 2012b; Nava et al.
2012). D’Avanzo et al. (2012) showed that X-
ray afterglow luminosities at various times after
the trigger correlate strongly with prompt emis-
sion properties, such as the isotropic energy Eiso
and the peak energy in the high energy spec-
trum Epeak. Previously, statistical analysis of
the X-ray afterglow light curves were also per-
formed by Evans et al. (2009) and Racusin et al.
(2009). While Evans et al. (2009) focused on the
automated analysis of Swift XRT light curves and
found that about 40% of Swift bursts with X-ray
observations are GRBs with canonical light curves,
Racusin et al. (2009) did an analysis of the spec-
tral and temporal parameters of the Swift X-ray
data. They found that different phases of the light
curves are all consistent with closure relations that
explain the various states of GRB afterglow light
curves due to the jet geometry and physics, the
environment around the GRB, and the election
density and cooling (e.g. Zhang & Meszaros 2004,
and references therein).
One of the best-known relations between GRB
properties is the relation of the peak energy
in the γ-ray spectrum Epeak with the isotropic
energy Eiso or the collimation-corrected energy
Eγ , the Amati and Ghirlanda relations, re-
spectively (Amati et al. 2002; Ghirlanda et al.
2004). Similar to these are the relations found
by Yonetoku et al. (2004) and Schaefer (2007)
between Epeak and the burst luminosity.
Although various efforts have been made to
link the energetic properties of the prompt and
afterglow emission of GRBs (e.g., Margutti et al.
2013), what is still missing is to find correlations
between prompt and afterglow properties, such
as T90, break times, or spectral slopes. While
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this effort was hampered at the beginning of the
Swift mission due to the small number of bursts
(Willingale et al. 2007), with more than 800 bursts
that Swift has detected in almost 9 years in orbit
(August 2013), the GRB sample has grown allow-
ing to find new relations among prompt and after-
glow emission parameters.
One motivation for this study comes from the
relation we found between redshift and excess ab-
sorption seen in the observed X-ray spectra of
GRB afterglows (Grupe et al. 2007). However,
this method is rather limited in the sense that it
can only say if a burst has a large amount of ex-
cess absorption then it is a low-redshift burst. Our
goal has been to find other means to distinguish
between high and low redshift bursts more pre-
cisely and finally to estimate the redshift based on
early available Swift data. Hydrogen column den-
sity derived from X-ray observations was found
to correlate using canonical correlation analysis
(Bala´zs & Veres 2011) with the properties of the
prompt emission. The most sophisticated statis-
tical analysis on Swift GRBs to date has been
performed by Morgan et al. (2012) who applied a
Random Forest algorithm in order to predict high
redshift bursts. By looking through the data of
Swift-detected GRBs we noticed several relations
between prompt and afterglow properties which
are not necessarily expected. In particular we no-
ticed a strong relation of the BAT T90 and the
15-150 keV luminosity with the break times in the
X-ray afterglow light curve (Grupe 2012).
Here we present a detailed analysis of the whole
Swift-detected GRB dataset and will show that in-
deed there are many correlations that establish a
tight relation between the prompt and afterglow
emission in GRBs. This paper is organized as fol-
lows: In Section 2 we describe the sample selection
and the data analysis, in Section 3 we show the
distributions and correlation analysis of the Swift-
detected GRBs prompt and afterglow properties,
followed by a discussion in Section 4. Throughout
the paper spectral indices β and light curve de-
cay indices α are defined as Fν(ν) ∝ ν
−βt−α. All
errors are 1σ unless stated otherwise. Cosmologi-
cal parameters like the luminosity distance or the
comoving volume were derived from the cosmol-
ogy calculator by Wright (2006). For all of these
values we assumed the standard cosmology with
H0=71 km s
−1 Mpc−1, ΩM=0.27, and ΩΛ=0.73.
2. GRB Sample and Observations
2.1. Sample Selection
By the end of August 2013 Swift has discovered
804 bursts1. Of these, 40 GRBs were discovered
through ground processing and 9 burst through
the Swift BAT slew survey. There is also one
burst with no data available. Excluding these 50
bursts from the initial sample leaves a total of 754
Swift-discovered onboard triggered bursts. In Ap-
pendixA we present the whole catalog of these 754
GRBs as a machine readable file that is available
online. This file contains the GRB name, Swift
BAT trigger number, redshift, and BAT and XRT
measured observed parameters. A full list of these
parameters is given in Appendix A in Table 9.
Figure 1 displays the number of onboard de-
tected GRBs per year (blue triangles). The red
circles display the number of GRBs per year with
spectroscopic redshift measurements. In 663 cases
XRT observed the field of the GRBs and 607 X-ray
afterglows were detected (91%) In 30 cases no X-
ray afterglow was found although Swift was on the
target with the XRT and UVOT within 300 sec-
onds after the trigger. XRT did not observe the
remaining 97 bursts due to observing constraints
by the Sun, the Moon, or the Earth. The Swift
UVOT detected a total of 251 GRB afterglows out
of 655 UVOT observations performed. In this pa-
per, however, we focus on the high energy prop-
erties of the bursts and leave the UVOT analy-
sis for a later publication. Crucial to the analy-
sis of physical parameters of GRBs are redshift
measurements. Up to 2013 August, 232 GRBs
out for the 754 GRBs in our sample or their host
galaxies have spectroscopic redshift measurements
(about 31%). Burst redshifts were taken from
GCN circulars and the GRB redshift catalogues by
Fynbo et al. (2009); Jakobsson et al. (2012) and
Kru¨hler et al. (2012). Note that in the pre-Swift
era there were redshift measurements for only 43
bursts (Gehrels & Cannizzo 2012).
Of the 754 GRBs in our sample 63 are short
duration and 689 are long duration GRBs (one
early GRB did not had a T90 measurement) follow-
ing the standard division at T90=2s as defined by
Kouveliotou et al. (1993). This is a significantly
1 A full interactive table of all Swift bursts can be found at:
http://swift.gsfc.nasa.gov/docs/swift/archive/grb table/.
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lower percentage compared with the 25% found
in the BATSE GRB sample. The reason is purely
a selection effect due to the lower energy range of
the Swift BAT compared with BATSE. As we will
see later, the 2s devision line is too long for Swift
BAT-discovered bursts (see also Bromberg et al.
2013).
2.2. Observations and data reduction
The 0.3-10 keV X-ray count rate light curves
and spectra were derived from the GRB repository
website at the University of Leicester (Evans et al.
2007)2. The light curves were fitted using multi-
segment power law models (e.g. Evans et al. 2009)
in which period of flares, in particular at early
times after the explosion, were excluded from the
analysis. In almost all cases (90-90%) we made use
of the Leicester online light curve fitting routine
which is used by the Swift team to make predic-
tions on the XRT count rate of an X-ray afterglow.
In the remaining cases we fitted the light curves in
XSPEC manually. For these light curves we con-
verted the light curve file into pha and an rmf that
can be read into XSPEC by applying the FTOOL
command flu2xsp to the light curve ASCII file.
For most spectra, we used the photon counting
mode data (pc, Hill et al. 2004) that primarily
cover the afterglow phase. We extracted source
and background spectra and auxiliary response
files provided by the GRB catalogue website at
Leicester. These data typically cover the entire
afterglow phase. The Windowed Timing mode
data at the beginning of the light curves are often
contaminated by emission from flares which tend
to be much harder than the afterglow emission
(Falcone et al. 2007; Margutti et al. 2011a,b).
We did not rely on the automated fitting re-
sults on the GRB catalogue website in Leices-
ter. In the majority of cases the automated
routine uses a free fit ‘intrinsic’ absorber which
results in excess absorption with large uncer-
tainties even though the spectrum is consistent
with just the Galactic absorption column den-
sity. Therefore all spectra were analyzed man-
ually. In September 2007 the substrate voltage
on the Swift XRT detector was increased from
0 to 6V (Godet et al., 2009). Accordingly, for
all spectra we used the most current response
2http://www.swift.ac.uk/xrt curves/
files. For spectra before August 2007 we used
the response file swxpc0to12s0 20070901v011.rmf
and after the end of August 2007 the response
file swxpc0to12s6 20010101v013.rmf. All data
were fit to absorbed power law models in XSPEC
(Arnaud 1996). First we fit the data with the ab-
sorption parameter fixed to the Galactic value de-
rived from the HI maps by Kalberla et al. (2005).
If this model does not result in an acceptable fit,
we thaw the absorption parameter to search for
excess absorption above the Galactic value as de-
scribed in Grupe et al. (2007). For afterglows
with spectroscopic redshifts we determine the in-
trinsic absorption column density at the redshift
of the GRB.
The parameters measured from the BAT data
were derived from the BAT GRB analysis pages3
and BAT refined circulars and GCN burst re-
ports. Whenever possible we also made use of
the peak energy Epeak in the high energy spec-
trum of a burst given by primarily Konus-Wind
(Aptekar et al. 1995) and the Fermi Gamma-Ray
Burst Monitor (GBM; Meegan et al. 2009). Be-
fore the launch of Fermi (Atwood et al. 2009), we
primarily used the Epeak measurements by Konus-
Wind and the Suzaku WAM published in GCN
Circulars. After the Fermi launch, we used the
Fermi GBM measurements when available, which
now exist for roughly 50% of all bursts after the
Fermi launch.
In the end we derive T90, the 15-150 keV photon
spectral slope Γ, and the 15-150 keV fluence from
the BAT, and the 0.3-10 keV X-ray spectral slope
βX, the break times at the beginning and the end
of the plateau phase Tbreak1 and Tbreak2, the slope
during the plateau phase αX2 and the ’normal’
decay slope αX3. For bursts with spectroscopic
redshift measurements the fluence was k-corrected
(e.g. Humason et al. 1956; Oke & Sandage 1968)
and T90, Tbreak1, and Tbreak2 were transferred into
the rest frame. The rest-frame 15-150 keV lumi-
nosity is the mean isotropic luminosity during the
time T90,z = T90/(1+z) determined from the k-
corrected fluence. A complete description of each
parameter is given in Appendix B.
3http://swift.gsfc.nasa.gov/docs/swift/results/BATbursts/
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3. Results
One of the goals of this paper is to establish
new connections between GRB prompt and after-
glow emission properties. Therefore we need to ex-
amine the dataset by means of statistics. In this
section we will first present the distributions of
the observed and rest-frame parameters of Swift-
detected GRBs. In particular we will look at dif-
ferences between short and long-duration GRBs
We will then look at bi-variate corrections among
these parameters with the gaol of finding evidence
for connections between GRB prompt and after-
glow phases. This is then followed by a principal
component analysis in order to search for under-
lying properties that drive the observed parame-
ters in GRBs. The section closes with a discussion
of the GRB luminosity functions and looking into
estimating the redshift of a burst including an up-
date on the redshift - excess absorption relation
(Grupe et al. 2007).
3.1. Distributions
The mean, standard deviation and median of
all Swift-discovered GRBs, as well as for long
and short-duration GRBs, and high redshift GRB
(z>4.0) are listed in Table 1. We included high-
redshift bursts to this table in order to examine
if these bursts appear to be somewhat special and
have different properties than bursts at lower red-
shifts or bursts without redshift measurements. In
this section we show the distributions of T90, the
break times in the X-ray light curves, decay slopes,
and redshifts. All other distribution are shown
in AppendixC. In Figures 2 through 6 the sta-
tistical analysis of the property distributions are
visualized through three standard tools in data
mining (e.g. Feigelson & Babu 2012; Torgo 2011;
Crawley 2007):
• Histogram and kernel density estimator
• Box plot
• q-q plot
We explain the purpose of these statistical tools
in Appendix C.
Figures 2 and 3 display the distributions of
the BAT T90 and the break times Tbreak1 and
Tbreak2 before and after the plateau phase in the
X-ray light curve. The observed times are dis-
played in Figure 2 and the plots in Figure 3 show
the values shifted into the rest-frame. The me-
dian T90 value for all Swift-discovered GRBs is
38s and for long GRBs only, 46s. The den-
sity estimate of the T90 distribution suggests that
for Swift-detected GRBs we see a bimodal dis-
tribution, separating the bursts into short and
long bursts, as had been suggested based on the
BATSE results (Kouveliotou et al. 1993). The di-
vision between the two groups, however, appears
to be at a shorter T90 than with the BASTE
detected bursts,in agreement with the results by
Bromberg et al. (2013): the observed T90 distribu-
tion suggests that the devision line between short
and long bursts detected by BAT is on the order
of 1s. These short bursts also appear clearly as
outliers in the T90 box diagram for all GRBs. In
the rest-frame (as shown in Figure3) the median
T90 of all bursts (with redshifts) is 13.4s, 16.0s for
long, and 0.27s for short bursts.
Although break times before the plateau phase
of short and long bursts are all of the order of
roughly 500s, there are significant differences in
the break times after the plateau phase. While
long GRBs show breaks after the plateau phase
in the observed frame at about 8400s after the
trigger, short GRBs show a median break time
after the plateau of 300s. In the rest frame the
break times are 150s and 3360s for the long bursts.
These break times before and after the plateau
phase are comparable to the values published by
Evans et al. (2009) and Margutti et al. (2013). It
is interesting to note that from the relation be-
tween redshift and the length of the plateau phase
as reported by Stratta et al. (2009) one would
naively expect short GRBs to have longer plateau
phases than long GRBs as they occur (as we will
show later) at lower redshifts. Note, however, that
for the short bursts we do not have enough bursts
with redshift and break time measurements that
will allow to state reliable numbers.
Figure 4 displays distributions of the X-ray light
curve decay slopes during and after the plateau
phase αX2 and αX3 (upper and lower panels, re-
spectively). The distribution of decay slope during
the plateau phase αX2 is almost Gaussian with an
extended wing towards the very flat end of the dis-
tribution (see the Q-Q plot in Figure 4) Note, al-
though this phase is commonly called the ‘plateau
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phase’, the median decay slope of all bursts is of
the order of αX2=0.6 and that there is a large scat-
ter in the distribution of decay slopes (σ=0.44).
Some plateau decay slopes can be relatively steep
with αX2>1.0. Our mean and median values of
αX2 are slightly steeper than what has been found
be Evans et al. (2009) and Margutti et al. (2013),
0.27 and 0.32, respectively. One reason why we
found a slightly steeper decay slope during the
plateau phase can be that we accept even slopes
with αX2>1.2 (see Figure 4) which is not the case
in the Margutti et al. (e.g. 2013) sample.
The distribution of the ‘normal’ decay slopes
after the plateau is shown in the lower panel of
Figure 4. Note again that the distribution of αX3
is quite broad and a significant number of bursts
have decay slopes that exceed αX3>2.0 which is
typically assumed to be a decay slope after a jet
break, particularly for short-duration GRBs. The
mean and standard deviation of all GRBs of αX3
is 1.55 and 0.73 and the median value is 1.38, sug-
gesting a non-Gaussian distribution. The median
decay slope during the ’normal’ decay phase for
long GRBs is 1.37. Note that there are three out-
liers in the αX3 distribution, which are all short
GRBs (GRBs 051210, 120305A, and 120521A). All
these decay slopes are extreme of the order of 7
or 8. With the median values as discussed above
and listed in Table 1 we can construct a median
GRB X-ray afterglow light curve. Figure 5 dis-
plays the observed median 0.3-10 keV X-ray flux
and the rest-frame luminosity light curves (left and
right panel, respectively). The light curves were
constructed by using the median values for the
break times before and after the plateau phase and
the decay slope αX2 and αX3. We used the me-
dian values for the fluxes and luminosities at the
break time after the plateau phase (F (Tbreak,2) =
5×10−12 erg s−1 cm−2 and L(Tbreak,2) = 1.7×10
47
erg s−1) as the normalization points of the light
curve.
The redshift distribution of the 232 Swift-
detected bursts with spectroscopic redshift mea-
surements is shown in Figure 6. The mean red-
shift of all Swift bursts is z=2.03 and the me-
dian z=1.76 which is lower than for the bursts
detected during the first two years of Swift op-
eration (z=2.30; Grupe et al. 2007). Recently
Coward et a. (2013) have studied the evolution of
the mean redshifts of Swift-detected GRBs since
2005 and shown that the mean redshift of Swift-
discovered bursts has decreased over the course of
the mission. There is a significant difference in
the redshift distributions of short and long GRBs,
with short GRBs being detected only at the lower
end of the redhshift distribution. This is a selec-
tion effect. As shown by e.g. Bernardini et al.
(2012b) and Margutti et al. (2013), short bursts
are less energetic than long bursts (see also be-
low) which results in a lower fluence. The cause
of the different energetics of short and long GRBs
is most likely the result of their different progeni-
tors (e.g. Salvaterra et al. 2008; Fong et al. 2013;
Rowlinson et al. 2013) which then results in dif-
ferent redshift distributions. As a consequence,
short bursts which have lower energy appear to be
undetectable at high redshifts.
3.2. Selection Effects
Before we start any discussion on results of the
correlation analysis from our sample we need to
be aware of any selection biases in the sample that
may lead to non-physical results. One of these se-
lection biases is displayed in Figure 28 which shows
the observed 15-150 keV fluence in the Swift BAT
and T90 which seem to be very strongly correlated
(rs=0.667, Ts=22.85). However, this is purely a
selection effect driven by the detector properties.
We only detect low-fluence bursts when their en-
ergy is released in a relatively short amount of
time. If the energy is spread over a longer time
span the signal will be dominated by noise and
the BAT will not be able to trigger on this event.
This selection effect means that low fluence bursts
have to be short in order to be detected, explaining
the upper left part of the diagram. On the other
hand the void at the lower right part of Figure 28
may be of physical nature. There are two effects
here:
1. a highly energetic burst (and high fluence
burst) requires a certain amount of time to
release the energy and
2. related to this, short bursts generally speak-
ing have lower luminosities/energies than
long GRBs (e.g Margutti et al. 2013).
1) The reason why high fluence bursts are seen
with longer T90 may be that there is only some
maximum amount of flux (or luminosity) that can
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be generated by the burst. Therefore a high flu-
ence burst would need a longer time span to release
its energy than a low fluence burst.
2) In order to detect a short burst with a high
fluence requires that this burst occurs at close dis-
tances. For example the short GRB with the high-
est fluence (1.16×10−6 erg cm−2) is GRB 051221A
(Burrows et al. 2006) with a redshift of z=0.547,
resulting in a luminosity distance of 3150 Mpc.
To detect this GRB with a fluence of the order
of 10−4 erg cm−2 it needs to occur within 390
Mpc equivalent to a redshift of z=0.085. Although
this is not impossible and Swift has detected a few
bursts with redshifts lower than 0.085 (4 to be
precise) the probability of detecting a relatively
luminous short burst like GRB 051212A at such a
low distance is low. This is mostly due to the the
general space density of GRBs and their luminos-
ity functions (see also Section 3.5) and the much
lower comoving volume at a redshift of 0.085 than
at higher cosmological redshifts. Having a less lu-
minous burst explode and detect it with a fluence
in the 10−4 range requires an even closer distance.
How does the T90 - fluence selection effect affect
other correlations? We found a mild correlation
between T90 and the isotropic energy in the 15-
150 keV BAT band. However, this correlation may
mostly been driven by this selection effect.
Another question that may raises concerns is
whether T90 really is a good parameter to describe
a burst. As pointed out by e.g. Zhang (2012) and
Qin et al. (2013), T90 is strongly detector depen-
dent. This is similar to a hardness ratio which
does not allow a direct comparison between dif-
ferent missions. However, as long as we use both
parameters from samples using only data from the
same detector it may not be a problem. Still,
for Swift-BAT GRBs we typically use the 2s di-
vision line between short and long duration GRBs
as it was defined by Kouveliotou et al. (1993) for
Gamma-Ray Observatory BATSE-detected GRBs
which was operating at much higher energies than
the Swift BAT. However, as we have pointed out
in Section 3.1 the division between Swift BAT-
detetced short and long duration GRBs occurs at
earlier times. It has been recently shown also by
Bromberg et al. (2013) that the cutoff line at 2s
between short and long duration GRBs detected
by the Swift-BAT is not a good choice and it is
more appropriate for Swift discovered bursts to
have the cutoff at around 0.8s. We will discuss
this in more detail in Section 4.4.
There is another problem that has recently
been pointed out by several authors: high-
redshift bursts tend to have rather short T90
(Littlejohns et al. 2013; Tanvir et al. 2012; Kovecski
2012). Bursts like GRB 090423 or GRB 080913
(e.g. Zhang 2009) which are the GRBs with the
highest spectroscopically measured redshifts (8.2
and 6.7), had T90 of 8.0 and 10.3s, respectively,
which in the rest-frame suggests that these maybe
short bursts. However, the reason for these short
T90 may not be a physical property of the bursts,
rather a consequence of the detector threshold.
Because the flux light curve of the prompt emis-
sion observed from a high-redshift burst appears
to be fainter than that of a low-redshift burst on
average, a detector triggers on the prompt emis-
sion later than for a low-redshift burst because
the main part of the prompt emission light curve
is below the detector threshold (Littlejohns et al.
2013). We basically observe the tip of the iceberg
of the prompt emission of high-redshift bursts
where most of the prompt emission is lost in the
noise. Nevertheless, the short duration of the
observed prompt emission is not a general prop-
erty of high-redshift bursts (E.g. GRB 050904
which is a burst at the redshift of z=6.2 had a
T90 =181.7s). The concern is how much does this
threshold effect influence the results we found for
our Swift GRB sample? If there is a significant
effect on the sample we would expect to see a
decrease of T90 with increasing redshift. This re-
lation is plotted for the observed and rest-frame
T90 in Figure 27. However, we do not observe such
an effect. Therefore we conclude that although
some high-redshift bursts appear to have rather
short duration prompt emission due to the detec-
tor threshold this effect is not significant for the
whole sample.
Nevertheless there is another concern regard-
ing high-redshift bursts (Coward et a. 2013) As we
mentioned at the beginning of this subsection, the
fluence and T90 are strongly correlated because of
how the BAT triggers on bursts. Although the
mean and median fluences and T90 of all GRBs and
high-redshift bursts are essentially the same (Ta-
ble1) this picture changes when looking at the rest-
frame parameters: We do not find very long T90
GRBs at high redshifts and high-redshift bursts
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are significantly more luminous and energetic than
compared with the total GRB sample. The same
selection bias that there are long GRBs with low
fluence also excludes long high-redshift GRBs from
detection. The problem here is that due to time-
dilation (T
′
= (1+ z)×T ) a rest-frame long burst
becomes even dramatically longer in the observed
frame. This means that the fluence of these bursts
will be smeared out over a longer time span with
the consequence that due to the detector noise
the burst remains undetected. In other words,
in order to detect a GRB with the Swift BAT at
high redshifts, its rest-frame T90 needs to be rel-
atively short and it has to be a highly energetic
burst. Consequently this means that the majority
of high-redshift bursts are missed by the BAT. As
pointed out by Wanderman & Piran (2010) this
prediction, however, also strongly depends on the
star formation rate at high redshifts.
3.3. Correlation Analysis
Throughout this subsection we look at cor-
relations between observed and rest-frame GRB
prompt and afterglow emission parameters. In
particular we are interested in strong relations
between prompt and afterglow properties. One
of the goals is to be able to make predictions
of the behavior of the X-ray afterglow based on
prompt emission properties. The correlations be-
tween these parameters are listed in Tables 2 and
3 using Spearman rank order correlation coeffi-
cients and Student’s T-tests. While Table 2 lists
the correlation results of the observed parameters
of all 754 GRBs in our sample, Table 3 lists the
correlations between the rest-frame parameters of
232 GRBs with spectroscopic redshifts only. In
this subsection we will only discuss those correla-
tions which are statistically significant, meaning
that the probability of the correlation being just
random is P < 10−3. Correlations quoted in this
subsection apply to the whole GRB sample if not
noted otherwise. We will primarily focus on those
relations which clearly connect the prompt and
the afterglow phase. Other relations are shown
in AppendixD. In addition to the Spearman rank
order correlation coefficient, we also determined
Kendall’s τ value and the Pearson correlation co-
efficient. In Tables 10 and 11 in AppendixD the
Kendall τ value and the Pearson correlation coeffi-
cients for all GRBs and those GRBs with spectro-
scopic redshift measurements are shown, respec-
tively.
We have already mentioned in section 3.1 that
the photon spectral index in the 15-150 keV BAT
energy band is flatter for short-duration GRBs
than for long-duration GRBs (Figure 31). Fig-
ure 7 shows the relation between T90 in the ob-
served and rest-frame and the 15-150 keV photon
index Γ. In the observed frame clearly there are
two groups of GRBs. This effect, however, be-
comes smeared out in the rest-frame. The reason
that the percentage of short-duration GRBs with
spectroscopic redshift is significantly lower than
in long-duration GRBs, is simply because they
are much more difficult to follow up due to their
lower flux/fluence and faster decay slopes com-
pared with long-duration GRBs.
Early studies of Swift-detected GRBs noticed a
close connection of the energetics of the prompt
and the afterglow emission (e.g. O’Brien et al.
2006; Willingale et al. 2007; Gehrels et al. 2008)
and more recent studies by e.g. Margutti et al.
(2013) confirm these findings. The left panel of
Figure 8 shows the correlations between the flu-
ence in the 15-150 eV band during the prompt
emission and the 0.3-10 keV fluence in the after-
glow emission. The right panel displays the lu-
minosities in the 15-150 keV band of the prompt
and the 0.3-10 keV luminosity in the X-ray after-
glow emission. Clearly, as expected, the energet-
ics of the prompt and afterglow emission are very
strongly correlated: bursts with high 15-150 keV
fluence in their prompt emission will have high X-
ray luminosities/fluxes in the afterglows and vice
versa.
In our paper we go a step beyond the ener-
getics and ask what other prompt and afterglow
properties are correlated. One of our main re-
sults is that there are clear correlations between
the BAT 15-150 keV T90 and the break times in
the X-ray afterglow light curves before and after
the plateau phase. These findings apply to ob-
served as well as to rest-frame parameters. The
left panel in Figures 9 and 10 show the observed
values, while the right panel display the values in
the rest-frame of the burst. Although there is a
large scatter in all these relations, there are clearly
correlations: GRBs with long T90 start their X-ray
afterglow plateau phase at later times and end the
plateau phase later than GRBs with shorter T90.
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In correlations between T90 and break time be-
fore the plateau phase Tbreak,1 we found a Spear-
man rank order correlation rs=0.328, Ts=6.776
(N=384 GRBs) which implies a probability of
P < 10−8 of a random result for the observed
values, and rs=0.371, Ts=4.767 (N=144 GRBs)
which P = 4.5 × 10−6 for the values in the rest-
frame. This relationship between the prompt
and afterglow emission is especially strong be-
tween T90 and the break times after the plateau
phase Tbreak,2. For the observed values we found
rs=0.495, Ts=11.615 (N= 417 GRBs) with P <
10−8, and rs=0.439, Ts=6.421 (N= 175 GRBs)
with P < 10−8 for the times in the rest-frame.
What the relations between T90 and the break
times in the X-ray light curves suggest is that
there seems to be a strong connection between the
prompt and the afterglow emission. What these
relations - long T90 - later afterglow break times
allow is in principle to make predictions of the be-
havior of the X-ray afterglow light curve based on
prompt emission properties. If this is true then
we would also expect to see a correlation between
the spectral slopes in the BAT 15-150 keV and the
X-ray 0.3-10 keV band.
The correlation between the BAT 15-150 keV
hard X-ray photon index Γ and the X-ray energy
spectral slope βX is displayed in Figure 11. Again,
although there is a large scatter in this relation,
the two properties are clearly correlated and is an-
other hint that prompt and afterglow phases are
clearly linked. GRBs with steep spectral in the
15-150 keV band also show steeper X-ray spectra.
The Spearman rank order correlation coefficient is
rs=0.179 with Ts=4.560 (632 GRBs) and a proba-
bility P = 6.32×10−6 of a random result. We also
checked if there is any (anti-)correlation between
spectral indices and the rest-frame break times be-
fore and after the plateau phase. We could not find
any significant correlation between these proper-
ties (Table,2). There is only a weak trend between
the X-ray spectral slope and Tbreak2,z that bursts
with later break times have steeper X-ray spec-
tra, but the probability is 1.5% that this is just a
random result.
The BAT 15-150 keV photon index Γ also
strongly anti-correlates with the decay slopes dur-
ing the plateau and normal decay phases αX2 and
αX3. The decay slope during the plateau phase
anti-correlates with Γ with a Spearman rank or-
der coefficient rs = −0.260 with a Student’s T-test
Ts = −6.232 and a probability of a random distri-
bution of P < 10−8 (539 GRBs), and rs = −0.313,
Ts = −7.154 and P < 10
−8 (475 GRBs) for the
‘normal decay slope αX3. These relations are dis-
played in Figure 12. Again, these are relations
clearly link the prompt with the afterglow emis-
sion: bursts with steeper 15-150 keV spectra have
flatter decay slopes during the plateau and nor-
mal decay phases. These relations can be used to
estimate the behavior of the X-ray light curve.
We noticed strong correlations between the flu-
ence in the 15-150 keV BAT energy band and the
decay slopes in the X-ray light curve αX2 and αX3,
as shown in Figure 13. We find Spearman rank or-
der correlation coefficients of rs=0.270 and 0.225,
Student’s T-test values Ts=6.482 (for 538 GRBs)
and 5.043 (475 GRBs) with probabilities of a ran-
dom result of P < 10−8 and 5.6 × 10−7 for the
fluence vs. αX2 and αX3 correlations, respectively.
These relations become apparent in our SwiftGRB
sample due to the large number of bursts. Al-
though this is purely a phenomenological relation
which is most likely due to selection effect, we can
still take advantage of these relations to predict
the behavior of the X-ray light curve. Note that
for the relations of luminosity and isotropic energy
with αX2 and αX3 there are only trends that bursts
with higher fluence in the BAT energy band decay
faster in X-rays (see Table 3)
The next step is to see if the luminosity in
the prompt emission also anti-correlates with the
break times in the X-ray light curve. As shown in
Figure 14, this is indeed the case for both the break
times before and after the plateau phase Tbreak1,z
and Tbreak2,z, respectively. In the first case, the
Spearman correlation coefficient and Student T-
test values are rs = −0.587, Ts = −8.614, with
P < 10−8 (143 GRBs), and for the break time af-
ter the plateau phase rs = −0.413, Ts = −5.956
with P = 1× 10−8 for all GRBs (175 GRBs) and
rs = −0.433, Ts = −6.187 with P < 10
−8 for
the long GRBs (168 GRBs) for all long GRBs.
This is a real anti-correlation between the prompt
luminosity and the afterglow emission light curve
break times. This is not necessarily true, however,
for the connection found by e.g. Dainotti et al.
(2008) between the break time after the plateau
phase Tbreak2,z and the luminosity at Tbreak2,z,
which are strongly anti-correlated. The prob-
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lem is that Tbreak−2 and L0.3−10keV(Tbreak−2) are
not independent parameters. Because the decay
slope of the ‘plateau’ phase in not 04, a later
break time will automatically result in a lower
flux/luminosity. Although there is a strong cor-
relation between Tbreak2,z and the luminosity at
T break2, z as reported by Dainotti et al. (2008)
also in our sample (rs = −0.559, Ts = −8.785, P <
10−8) there is also a strong anti-correlation with
the flux at that time. As a consequence, any pos-
sible physical cause for this relation can not be
disentangled from the fact that at a later time a
burst will automatically appear to be fainter than
at earlier times.
Note that the anti-correlations between prompt
emission luminosity and isotropic energy and
break times in the X-ray afterglow light curve
can be used as a diagnostic to determine if a red-
shift measured of a galaxy in the direction of the
burst is actually associated with the burst or just a
random galaxy in the line of sight. A good exam-
ple here is GRB 051109B (Tagliaferri et al. 2005).
This burst has an observed T90 = 15±1s and a flu-
ence of (2.7±0.4)×10−7 erg cm−2 (Hullinger et al.
2005) and break times in the X-ray light curve
at Tbreak1=200s and Tbreak2=1430s. Perley et al.
(2005) reported of a galaxy in the direction of
this burst and measured a redshift of z=0.080. Is
this galaxy associated with the burst or not? The
answer is that this association is most unlikely.
At the redshift of the galaxy the luminosity dis-
tance is DL=360 Mpc which results in a 15-150
keV luminosity L15−150keV = 3 × 10
47 erg s−1
cm−2 and an isotropic energy Eiso = 4 × 10
48
erg. These values are far off the relations shown
in Figures 41 and 14. We can therefore conclude
that the galaxy found by Perley et al. (2005) at
a redshift of z=0.08 is not associated with GRB
051109B and just a random foreground galaxy.
As pointed out by Campisi & Li (2008) with in-
creasing magnitude limits of newer telescopes the
chance coincident of a GRB with a foreground
galaxy at redshifts z<1.5 is of the order of a sev-
eral percent.
4In a matter of fact, the median decay slope during the
plateau phase is 0.6.
3.4. Principal Component Analysis
So far we have only looked at bivariate corre-
lations and we have found strong correlations be-
tween GRB prompt and afterglow properties. One
step further is the statistical analysis in a multi-
dimensional parameter space. The goal here is
to search for any underlying fundamental prop-
erty that is driving these relation. One of the
standard tools in multivariate analysis that may
answer this question is the Principal Component
Analysis (PCA; Pearson 1901). The idea of a
PCA is to reduce the number of significant sam-
ple parameters to a small number of parameters
that capture most of the variance in the data.
For example, in AGN, the measured parameters
are primarily driven by the mass of the central
black hole and the Eddington ratio L/LEdd (e.g.
Grupe 2004; Boroson 2002). In a mathematical
sense, the PCA searches for the eigenvalues and
eigenvectors in a correlation coefficient matrix. A
good description for the application of a PCA in
astronomy can be found in Francis & Wills (1999)
and Boroson & Green (1992).
We applied a PCA to the bursts in our sam-
ple for which the following input parameters were
available: log T90,z, log Tbreak2,z, αX2, βX, Γ,
and the rest-frame 15-150 keV luminosity (175
GRBs in total). The reason why we do not in-
clude all properties as listed in Table 3 is because
some of these have obvious correlations, such as
Tbreak,1 and Tbreak,2. We want the input proper-
ties as independent as possible. We applied the
PCA in the statistical package R (e.g. Crawley
2007; The R-Team 2009). All input parameters
were normalized by the standard normalization
xnorm =
x−xmean
sd(x) where sd(x) is the standard de-
viation of the parameter x. The results of this
PCA are summarized in Table 4. The first two
Eigenvectors from the PCA account for 60% of
the variance of the sample. The most dominant
of these, Eigenvector 1, accounts for almost 40%
of the variance. It strongly correlates with the 15-
150 keV rest-frame luminosity and anti-correlates
with all other parameters, except for the decay
slope during the plateau phase, αX2. This may
suggest that Eigenvector 1 in our sample presents
the 15-150 keV luminosity. In order to test this
hypothesis we excluded the 15-150 keV luminosity
from the input parameters and ran another PCA
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on the sample. The results of this PCA are listed
in Table 5. This analysis agrees with the first PCA
that included the 15-150 keV luminosity.
Using the later analysis, we calculated the
first eigenvector for each GRB and plotted the
eigenvector 1s vs. the 15-150 keV luminosity
and isotropic energy as shown in Figure 16. If
the conclusion, that GRBs are primarily driven
by their energetics is correct, then the eigenvec-
tor 1 - energy relation has to hold also for en-
ergies determined independently by other mis-
sions. We used the bolometric energies listed in
Nava et al. (2012) for about 30 GRBs. This re-
lation is displayed in the right panel of Figure 16.
Although the number of GRBs is small, they still
follow the trend expected from our PCA. We can
conclude that eigenvector 1 in our GRB sample
represents the rest-frame 15-150 keV luminosity
and/or the isotropic energy which seem to be
the strongest drivers for the prompt and after-
glow emission properties in our sample. Note,
that Margutti et al. (2013) came to a similar con-
clusion using Eγ,iso, Epeak, Lpeak, T90,z, and the
isotropic energy in the X-ray band as input pa-
rameters of their PCA of their GRB sample (R.
Margutti, priv. communications). Although one
has to be very careful comparing PCAs from dif-
ferent samples with different input parameters, it
seem to suggest that the energetics is the most
important underlying property of a GRB.
The second most relevant component, eigenvec-
tor 2, strongly correlates with T90 and the slope
of the plateau phase αX2, and anti-correlates with
the spectral slope in the 15-150 keV and 0.3-10
keV energy bands Γ and βX. There is, however,
only a light correlation with the break time after
the plateau phase Tbreak2.
3.5. GRB in a cosmological context
While Log N - Log S tests and luminosity func-
tions are standard tools in quasar cosmology stud-
ies (e.g. Richards et al 2006; Ross et al 2012)
they have only been applied to GRBs in a few
studies recently. The luminosity function is usu-
ally defined as
Φ(L, z) =
Φ∗(Lbreak(z))
(L/Lbreak(z))a + (L/Lbreak(z))b
(1)
where Φ∗ is the number density at the break
luminosity Lbreak(z), and a and b are the slopes of
the luminosity function before and after the break.
The problem with GRBs in the pre-Swift era
has been that only for a handful of bursts red-
shift measurements existed. At the time it was
only possible to discuss GRB luminosity func-
tion in a theoretical context (e.g. Kumar & Piran
2000). This has changed since Swift and luminos-
ity functions have been derived from Swift bursts
(e.g. Schmidt 2009; Wanderman & Piran 2010;
Cao et al. 2011; Salvaterra et al. 2008, 2012).
The log N - log S diagram using the 15-150
keV fluence in the BAT band is shown in Fig-
ure 17. This diagram contains the observed 15-
150 keV fluence (754 bursts) as well as the rest-
frame k-corrected fluence (232 bursts). The pa-
rameters of the log N - log s function are N∗ =
(1.733 ± 0.018) × 10−2, a = (7.41 ± 2.06 × 10−3,
b=1.185±0.018, and the break fluence Sbreak =
(1.339±−0.031)× 10−6.
We constructed luminosity functions in 6 red-
shift intervals as displayed in Figure 18. The pa-
rameters for fits to the GRB luminosity functions
as displayed in that figure are listed in Table 6.
We noticed that the slope of the high luminosity
end of the luminosity functions with L > Lbreak
becomes steeper with increasing redshift as dis-
played in Figure 19. This is the opposite to what
has been reported by Richards et al (2006) for
quasars in the SDSS for which the high-luminosity
end of the luminosity function becomes flatter
with increasing redshift. As expected, the lumi-
nosity where the luminosity function breaks Lbreak
shifts to higher luminosities with increasing red-
shift. The GRB number per Gpc−3 however, de-
creases with increasing redshift.
Now one step further is to look at the rates
GRBs occur in a space volume per year as shown
in Figure 20. This rate contains long as well as
short bursts. The way we estimated these numbers
is to take the number of Swift-discovered bursts
with spectroscopic redshift measurement per red-
shift interval and assume the same underlying red-
shift distribution for the remaining Swift bursts.
This number was then multiplied by the ratio of
the whole sky in square degrees compared with
the BAT sky coverage. This plot suggests that the
GRB rate is significantly higher in the current Uni-
verse than at early times. This however, is a very
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na¨ıve picture. The number of bursts with spec-
troscopic redshifts measurements is biased against
high redshift bursts. Therefore we can not neces-
sarily assume that the redshift distribution of the
Swift bursts without redshift measurements is the
same as for those with redshift measurement.
Another attempt to tackle this problem is to
have a look only at the space density of the most
luminous bursts. This is shown in Figure 21. Here
we consider only those bursts who have a luminos-
ity of L15−150keV > 10
52 erg s−1. What we see is
that the number of Swift-detected bursts per Gpc3
decreases significantly in the local Universe. This
is similar to the “cosmic downsizing” that is known
for bright quasars (e.g. Richards et al 2006). If
this is true, then we should see this effect of “cos-
mic downsizing” also in a luminosity - redshift
plot. The 15-150 keV luminosity vs. redshift is
shown in Figure 22 and indeed there are no bursts
with L15−150keV > 3×10
52 erg s−1 at redshifts less
than 1.5. Note, that the peak the quasar density is
roughly at a redshift of z=2.75 (e.g. Richards et al
2006), similar to that of our GRB sample. This
result is consistent with what has been found by
Wanderman & Piran (2010). The space density
of GRBs, thus decreases with increasing redshift.
However, keep in mind that this may also be a
selection effect. Because high redshift bursts are
those which are not detected in the UVOT, often
no one wants to take the risk of sacrificing valuable
observing time on a burst that is simply too faint
and not necessarily highly redshifted. As we see
later in this discussion, bursts with redshift mea-
surements tend to be brighter than those without
redshift measurements. Nevertheless, the result
shown in Figure 21 agrees with the cosmic star for-
mation history (e.g. Hopkins & Beacom 2006).
3.6. Redshift Predictions
Spectroscopic redshift measurements exist for
232 Swift-onboard-discovered bursts. The prob-
lem with obtaining GRB redshifts is that a) the
afterglows are faint to begin with, often fainter
than 20th mag in R and b) they decay fast. So
an optical observer has to decide quickly if it is
worth spending valuable telescope time on a newly
discovered burst. The capacity of detecting GRB
afterglows in the optical and near infrared either
by spectroscopic of photoscopic measurements has
significantly increased in recent years especially
with the arrival of X-shooter at the ESO VLT and
GROND at the ESO/MPI 2.2m telescope in La
Silla (Greiner et al. 2008; Kru¨hler et al. 2011).
In order to predict GRB redshifts ideally one
would look for a relation between a redshift de-
pendent (or distant-dependent) parameter and
a redshift-independent parameter. This can be
based purely of selection effects. In the past
it has been suggested (Grupe et al. 2007) that
bursts with significant excess absorption column
densities above the Galactic value are low red-
shifts bursts. Ukwatta et al. (2010) found an
anti-correlation between the spectral lag times
in the BAT data and the isotropic luminosity. Re-
cently Morgan et al. (2012) suggested a statistical
method that applied a Random Forest technique
to predict high redshift GRBs. To date this is the
most advanced method to predict if a burst is at
high redshift based on Swift data.
Let us start with an update on the redshift - ex-
cess absorption relation presented in Grupe et al.
(2007). At that time the Swift-GRB sample only
contained about 50 GRBs. Our new sample pre-
sented here contains more than 4 times as many
bursts with spectroscopic redshifts measurements.
Figure 23 displays the relation between log (1+z)
and log (1+∆NH), showing that in principle this
method still holds. The only exception is the burst
with the highest redshift, GRB 090423 for which
we obtained an excess absorption column density
of 5.8 × 1020 cm−2. Equation 1 in Grupe et al.
(2007) would have predicted a redshift of z <6.6,
which, however, would have been still a high red-
shift burst. Note also that the errors on the ab-
sorption column density for this burst are rather
large and within the errors, GRB 090423 is still
within the prediction.
In order to obtain a better discriminator for
high redshift bursts we have to extend our simple
redshift - ∆NH relation. One discriminator here
is a detection in the Swift UVOT. If the excess
absorption is consistent with zero this means it is
either a high redshift burst or a low redshift burst
with no significant X-ray absorption. In the latter
case this means that the burst will most-likely not
be reddened significantly on the Optical/UV so it
should be detectible in the UVOT. If UVOT does
not detect this burst this makes it a high redshift
candidate.
The next discriminators come from the BAT
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data. Figure 24 displays the relation between red-
shift and the photon index Γ in the BAT band
and the observed 15-150 keV fluence. As we can
see from this plot, steep BAT spectra only occur in
bursts with a redshift of less than 4. This is a sim-
ple selection effect. As shown in Figure 26 there is
as strong anti-correlation between the BAT pho-
ton index ΓBAT and the fluence in the 15-150 eV
band. As shown in the right panel of Figure 24,
bursts with a fluence larger than 10−5 erg cm−2
are only seen in GRBs with redshifts lower than
4. Because of this and the anti-correlation be-
tween ΓBAT and the 15-150 keV fluence, we can
observe GRBs with steep 15-150 keV spectra only
in bursts with relatively low redshifts.
The question is can we find a combination of
observed parameters that can be correlated with
a redshift (distance) dependent property. To ex-
plore this question, we performed a PCA on the
three prompt emission parameters - T90, fluence,
and Γ. We then determined eigenvector 1 for each
long-duration GRB and plotted this against the
isotropic energy Eiso. This relation is shown in
Figure 25. For the 216 long GRBs with spectro-
scopic redshifts in the sample, this is a strong anti-
correlation with a Spearman rank order correla-
tion coefficient rs = −0.572 and Ts = −10.15 with
a probability of P < 10−8 that this is just a ran-
dom distribution. This means that if we calculate
eigenvector 1 for a newly discovered burst based
on the BAT input parameters, we should be able
to predict the isotropic energy in the BAT band.
Nevertheless there is a lot of scatter in this rela-
tion which prevents a clear statement of the red-
shift of the burst. We examined this plot a bit
further on selected high and low redshift bursts.
These are shown as red circles and blue triangles,
respectively. Clearly they form distinct groups in
this diagram. For a given eigenvector 1, high red-
shift burst show larger isotropic energies than low-
redshift bursts.
If we can find another discriminator between
low and high redshift bursts then we know in
which group the newly discovered GRB belongs
and we can use the eigenvector 1 of this burst in
order to get an estimate of the isotropic energy.
With this estimate and the knowledge of the 15-
150 keV fluence, we can then estimate the distance
to the burst and its redshift. Discriminators for
high and low redshift bursts are: a) does the X-
ray spectrum show strong excess absorption? and
b) is the afterglow detected in the UVOT or not?.
Table 8 lists the mean, standard deviation, and
median of observed prompt and afterglow proper-
ties of low (z<1.0), intermediate (1.0<z<3.5) and
high redshift bursts (z>3.5). Besides that, low
redshift bursts show enhanced excess absorption
column densities, we also find that high redshift
bursts tend to have flatter 15-150 keV photon in-
dexes, steeper later time afterglow decay slopes,
and lower fluence than low redshift bursts.
As an example, we can estimate the redshift of
GRB 051109B, the GRB that was suggested to
be associated with a nearby galaxy (Perley et al.
2005), however, as we showed in Section 3.3, this
is most likely not the case and the redshift is prob-
ably much larger. Applying the method described
above, we calculated an eigenvector 1 of +1.95 for
this burst. From Figure 25 we can place the burst
at a vicinity of Eiso ≈ 3× 10
51 erg. The fluence of
this burst was 2.7×10−7 erg cm−2. Therefore the
luminosity distance is roughly DL=10 Gpc, which
using the cosmology calculator by Wright (2006)
corresponds to a redshift of z≈1.5.
4. Discussion
The main motivation for our project is to search
for relationships between GRB prompt and after-
glow properties that suggest a close connection
between these two phases. With Swift it is now
possible for the first time to perform statistics on
the rest-frame physical parameters of GRBs. Only
since the launch of Swift have optical/NIR obser-
vatories been able to obtain spectroscopic redshifts
for a significant number of GRBs. About 30% of
all Swift-discovered bursts have spectroscopic red-
shifts. As recent papers by Margutti et al. (2013);
Bernardini et al. (2012b); Nava et al. (2012),
and Lu¨ et al. (2010) show there is a close link be-
tween the energetics of the prompt and afterglow
emission which seem to be driven by energetics.
Our study presented here found new relations that
support the connection between the prompt and
afterglow phases.
5See Appendix E for how to calculate eigenvector 1.
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4.1. Correlation analysis
As shown in the analysis section, there are sev-
eral correlations between the prompt and after-
glow properties of GRBs. We found that:
• The length of the prompt emission (a.k.a
T90) correlates strongly with the break time
after the plateau phase, which is essentially
the length of the X-ray afterglow plateau
phase.
• The spectral slopes of the 15-150 keV
prompt emission and the 0.3-10 keV X-ray
afterglow emission are closely correlated.
• The X-ray afterglow decay slopes anti-
correlate with the 15-150 keV spectral slope
of the prompt emission.
• The X-ray afterglow decay slopes correlate
with the rest-frame peak energy Epeak at
high energies in the prompt emission.
• The X-ray afterglow decay slopes also de-
pend strongly on the energy/luminosity of
the burst.
The underlying mechanism of the shallow decay
phase is poorly understood. In X-ray afterglow ob-
servations, there is no change in the spectral slopes
from the plateau phase to the normal decay phase,
and in most of the cases the plateau flux joins
smoothly with the normal afterglow (Liang et al.
2007). On the other hand the correlation between
T90 and Tbreak,2 points to the fact that the plateau
is of internal origin, related to the central engine
of the bursts. The fact that the spectrum does
not change during Tbreak,2, points to it either be-
ing determined by a geometric or a hydrodynamic
effect. A Similar correlation for a much smaller
number of GRBs was found by Liang et al. (2007).
The correlation suggests an approximate relation
T90 ∝ Tbreak,2. Since there is significant scatter in
the data, we only resort to qualitative interpreta-
tion.
There are many theories in the literature ad-
dressing the origin of the plateau phase (for a
review, see Zhang 2007). The timescale of
the plateau can be constrained by these. How-
ever, in most of these models it is difficult to
link the prompt duration T90 to the plateau
duration. One of the most discussed models
is the refreshed shocks (Rees & Me´sza´ros 1998;
Zhang et al. 2006): at the forward shock ei-
ther by a smoothly decaying central engine lu-
minosity (L ∝ t−q) or by a distribution of
instantaneously ejected masses with a distri-
bution of Lorentz factors down to few tens
(Granot & Kumar 2006; Ghisellini et al. 2007).
Models for the plateau phase include change in
microphysical parameters with time (Ioka et al.
2006), emission by a distribution of ejected
Lorentz factors (Granot & Kumar 2006), a strong
reverse shock contribution (Genet et al. 2007;
Uhm & Beloborodov 2007) or anisotropic jet
structure (Eichler & Granot 2006; Toma et al.
2006),
A class of models explaining the plateau
phase invokes energy injection from magnetars
(Dai & Lu 1998; Zhang & Me´sza´ros 2001) into
the forward shock, similar to the refreshed shocks.
These can reproduce the flattening in the X-ray
light curve (Dall’Osso et al. 2011; Bernardini et al.
2012). The supply of energy is provided by the
spin down energy of a newly born magnetar. In
these scenarios the collapse to a black hole is de-
layed by the magnetar phase (Lyons et al. 2010).
In relation to short GRBs, the injection of spin
down energy by a magnetar and thus the plateau
phase, can be linked to gravitational wave emission
(Rowlinson et al. 2013; Corsi & Me´sza´ros 2009).
In these models the prompt emission is tentatively
produced by local processes to the outflow (e.g.
magnetic dissipation or shocks close to the mag-
netar wind photosphere Metzger et al. (2011)),
which cannot be readily related to the length of
the plateau phase in the afterglow.
• The most straightforward way of interpret-
ing the T90 − Tbreak correlation is the model
by Kumar et al. (2008) which addresses
both the prompt emission and the plateau
phase. In this model the X-ray luminosity
is driven by the mass accretion rate. They
envisage a massive star with a core and an
envelope. The part of the core collapses to
form a black hole. Accreting the remain-
der of the core produces the prompt phase.
From the outermost parts of the core until
the inner part of the envelope the density
drops suddenly, producing the steep decay
part. The envelope is accreted subsequently.
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The duration of accretion is roughly the
fallback time, tfb ∝ M(< r)
−1/2
× r3/2,
M(< r) is the mass within radius r, gen-
erally dominated by the black hole mass.
Thus T90 corresponds to the core accretion
time and Tbreak,2 to the envelope accretion
in this model. The correlation results in
rcore ∝ renvelope. The drawback of this sce-
nario is that it predicts a steep decay at the
end of the shallow decay phase correspond-
ing to the outer radius of the star. This is
only observed in a few cases.
• A natural explanation can be given to the
correlation if the reverse shock is at the
origin of the plateau. The details of such
an interpretation are described, for example
in Genet et al. (2007); Uhm & Beloborodov
(2007). The prompt duration (T90) is de-
fined as the active phase of the central en-
gine (e.g. in a photospheric model) and this
also defines the width of the ejecta. The
plateau duration in this scenario corresponds
to the ejecta crossing time by the reverse
shock which is then proportional to T90.
The gamma-ray luminosity L anti-correlates
with the plateau break time Tbreak,2. This can
be understood in terms of an approximate energy
conservation. For a universal ratio between the
prompt and plateau luminosity, the increase in en-
ergy emission in the prompt phase will result in a
smaller emitted energy in the plateau, similar if
we had a constant energy reservoir.
There is a similar observed anti-correlation
between the luminosity at the end time of the
plateau (Dainotti et al. 2008; Bernardini et al.
2012) which can be explained in the magnetar
model. We can tentatively understand this anti-
correlation within the framework of the magnetar
model as follows: both the prompt and afterglow
luminosity depend on some positive power of the
magnetic field (e.g. Lplateau ∝ B
2) while the spin-
down timescale, which is related to Tbreak,2 is
proportional to B−2. This would qualitatively ex-
plain the anti-correlation. Other properties such
as the neutron star radius or the rotation period
would act to strengthen the anti-correlation.
As we will see below (Section 4.3), it seems that
these (anti)-correlations are primarily driven by
the luminosity/energy of the burst. What is inter-
esting among these relations are those between the
decay slopes of the X-ray afterglow emission with
the rest-frame Epeak and the energy and luminos-
ity of the burst. While the energy, luminosity and
rest-frame Epeak are all redshift (or distance) de-
pendent, the decay slopes are not. In principle we
do a have a redshift indicator. However, at this
point we can not use the slopes αX2 and αX3 as
redshift indicators due to the large scatter in these
relations (see Figure 15). As we will discuss later,
machine learning techniques may be the solution
to take advantage of these redshift indication re-
lations.
4.2. Multi-variate Analysis
Using the log T90,z, log Tbreak2,z, αX2, Γ, and
βX as representatives of the prompt and afterglow
emission of a subsample of 175 GRBs with canon-
ical X-ray light curves, the results from the PCA
show that the first two eigenvectors account for
more than 60% of the variance in the sample. We
can see directly that Eigenvector 1 represents the
luminosity and/or the isotropic energy of the GRB
in the rest frame 15-150 keV band (Figure 16).
This is somewhat expected. What is interesting
to note is that although using different input pa-
rameters (see Section 3.4), Margutti et al. (2013)
came to a similar conclusion. The question that
remains is what actually determines the luminos-
ity and energy release of a burst?
Are GRBs with spectroscopic redshifts, in par-
ticular those used in the PCA, representative of
the whole sample? In other words can conclu-
sions that we draw from the statistical analysis
on this sub-sample of bursts, including PCA, be
applied to the rest of the sample which does not
have redshift measurements? This is an important
question, because as we have discussed earlier, the
entire sample is driven by selection biases. In or-
der to test this, we need to look at the statistics
between the GRB samples with and without spec-
troscopic measurements.
We have mentioned already in section 3.2, Swift
GRBs are affected by selection effects, primar-
ily by the BAT properties. As pointed out by
Coward et a. (2013) selection biases become even
more important when dealing with high-redshift
bursts. In order to answer this question we looked
at the observed parameters of the samples for
GRBs with and without spectroscopic redshift
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measurements and those used in the PCA. The
mean, standard deviations, and median of each
sample are listed in Table 7. All parameters like
T90 or αX2 have very similar means, standard
deviations, and medians and suggest that these
are all drawn from the same underlying distri-
bution. However, this is not true for the ob-
served 15-150 keV fluence and the peak energy
Epeak. Here the distributions seem to be differ-
ent: GRBs with spectroscopic redshifts have on
average a fluence twice as high when compared
with GRBs with no redshift measurements. We
performed Kolmogorov-Smirnov tests on the sam-
ples with GRBs with and without spectroscopic
redshift measurements and found that indeed the
distributions in the fluence and Epeak of these two
samples are drawn from different populations. For
the fluence we found D=0.2166 with a probabil-
ity P < 10−4 of a random result and for Epeak
D=0.30 and P = 0.002. Clearly, the bursts with
redshift measurements are biased towards brighter
GRBs. As shown in Table 8, this is really a selec-
tion effect between burst with and without red-
shift and not driven by different redshift intervals.
What this means is that these GRBs also more
likely to have optical counterpart and as a result
will be observed preferentially by ground-based
observers. This becomes apparent when looking
at the UVOT detections in both samples: while
2/3 of all GRBs with spectroscopic redshift mea-
surements have UVOT detections, this is only true
for 17% of the GRBs without spectroscopic red-
shift measurements. Nevertheless, the fact that
otherwise the observed parameters of the bursts
are very similar suggests that they are drawn from
the same population. If this is true then the cor-
relations found among the rest-frame parameters
in bursts with redshifts also apply to those bursts
without redshift measurements. In particular, the
conclusion of our PCA that the energetics is the
main driver in GRB properties does therefore ap-
ply to all GRBs.
4.3. What is driving the prompt and af-
terglow properties?
As we have seen from the PCA, properties of
the prompt and afterglow phases seem to be driven
primarily by energetics. This means the largest
relative scatter in the multidimensional data cloud
can be accounted for by luminosity. In other
words, if we know the luminosity, we have ac-
counted for a high percentage of the information
otherwise attainable. Also the luminosity changes
by 5 orders of magnitude, more than any other
parameter. There are two viable mechanisms for
extracting luminosity from the black hole - accre-
tion disk system
If the luminosity is extracted from the central
engine by the Blandford Znajek (Blandford & Znajek
1977) mechanism, this means L ∝ a2B2M2, where
a is the dimensionless spin parameter, B is the
magnetic field threading the central engine, and
M is its mass. In current models the mass can
have a spread of one order of magnitude, the
rotational parameter is ideally around 1/2 for
maximum efficiency, and it cannot introduce a
large amount of variance. Thus the magnetic field
has to account to the bulk of the variance. If
the jet is launched by neutrino emission from the
disk, the luminosity scales as: L ∝ M˙9/4M−3/2
(Zalamea & Beloborodov 2011). In this scenario
the large variance in luminosity can be accounted
by variation in the accretion rate by two orders of
magnitude.
However, what is really behind all those proper-
ties, or in other words, what determines the ener-
getics of a burst? Part of the problem is that for all
correlations mentioned here we measured isotropic
energies and luminosities. We know, however, that
in a GRB the outflow is collimated. This may ex-
plain the anti-correlation we have found between
the luminosity and energy of the prompt emission
with (rest-frame) T90 and break times before and
after the plateau phase. Na¨ıvely one would as-
sume that the more energetic a burst is the longer
its T90 and the plateau phase start and end times.
However, as we have shown this seem to be not the
case. We do, however, for all of our correlations
assume isotropic energies/luminosities. What may
be the case is that bursts which short T90 and
break times before and after the plateau phase
are those bursts which outflows are highly colli-
mated. Correcting for collimation means that the
total energy release of these bursts is significantly
lower than in burst which are less collimated. This
means that if calibrated T90 and the break times
can be used as a measure of the jet opening an-
gle. This relation then would be somewhat similar
to the jet opening angle - jet break times relation
found by Frail et al. (2001) for optical and radio
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afterglows. What this means is that bursts which
large opening angles are the bursts which are in-
trinsically less energetic and show the shorter T90
and break times. This is exactly what we see in
the second eigenvector in our PCA. The second
Eigenvector may be the jet opening angle.
A connection between the X-ray spectral slope
and the decay slopes in the light curve is ex-
pected from for example the closure relations
(Racusin et al. 2009; Zhang & Meszaros 2004;
Zhang et al. 2006). The big question remaining
is, can we predict the behavior of the X-ray af-
terglow, assuming a canonical behavior, based on
properties measured from the prompt emission.
If this is possible then it gives us a handle on
how to plan future observations of the X-ray af-
terglow. We have already seen that T90 and the
break times before and after the plateau in the X-
ray afterglow light curves are strongly correlated.
So one prediction we can do is that bursts with a
short T90 will show early breaks in the X-ray light
curves. Although this correlation is statistically
very strong (P < 10−8), the scatter in the relation
is large, making it impossible to derive a precise
prediction of the break times based on T90. We
have also found that the photon spectrum mea-
sured in the prompt emission in the BAT 15-150
keV band in strongly anti correlated with the X-
ray afterglow decay slopes. So, if for example the
15-150 KeV hard X-ray photon index Γ is flat, the
the X-ray afterglow light curve decay slopes are
most likely to be steep and vice versa. Again, this
seem to be linked to the energetics of the burst.
More luminous/energetic bursts have flatter hard
X-ray spectra (see Figure 40). Nevertheless, we
do not find a clear correlation between the lu-
minosity and energy and the decay slopes in the
X-ray light curves. The correlation between Eiso
and the decay slope in the plateau phase αX2 is
mild (rs=0.240, P = 5× 10
−4and the ‘normal’ de-
cay slope αX3 with rs=0.306 and P = 3.1 × 10
−3
(see Table 3). So, the X-ray afterglows of more
energetic bursts decay faster than those of less
energetic bursts. This is somewhat the opposite
than what one would normally expect. The reason
here again may be the opening angle of the burst.
because we do all our correlations based on Eiso
we do not know, however, what the opening angle
is and what the real energy release is.
The question is: do the properties of the
prompt emission of a burst determine the fate
of the afterglow emission (assuming that the af-
terglow follows a canonical light curve). Or in
other words, can we use the properties measured
from the prompt emission to make predictions of
the behavior of the X-ray afterglow. How will the
light curve evolve?
One of the strongest correlations has been
found between the 15-150 keV T90 and the break
times at the beginning and end of the plateau
phase in the X-ray light curve. This correlation
gives us a rough estimate when these breaks hap-
pen based on T90. A burst with a short T90 will
have breaks in the X-ray light curve earlier than
a burst with the long T90. We have also found an
anti-correlation between the 15-150 keV spectral
slope Γ and the decay slopes in the X-ray light
curve: a burst with a soft 15-150 keV spectrum
will show flatter decay slopes than a burst with a
harder 15-150 keV spectrum. Last but not least
there are strong correlations between the fluence
in the 15-150 keV BAT energy band and the de-
cay slopes in the X-ray light curves. This results
in that GRBs with high fluence decay faster in
X-rays than GRBs with lower fluence.
4.4. Swift BAT short and long duration
GRBs
The distribution of T90 shown in Figure 2 from
BAT discovered GRBs suggests a bimodal distri-
bution such has been found from BATSE bursts
(Kouveliotou et al. 1993). However, due to the
lower energy window of the Swift BAT, the de-
tection rate of short GRBs is significantly lower
and the devision line between short and long-
duration GRBs appears to be at shorter times
compared with BATSE bursts. As pointed out
by Bromberg et al. (2013) the devision between
collapsar (long GRBs) and non-collapsar (short
GRBs) is driven by the different physical pro-
cesses involved in these types. Bromberg et al.
(2013) suggested that a devision between short
and long bursts at about 0.8s is more suitable for
Swift-detected bursts. The observed T90 distri-
bution (Figure 2) seem to support this time. As
already found from BASTE bursts, short GRB
tend to show harder spectra than long GRBs al-
lowing another parameter to distinguish between
the two classes. As shown in the distributions of
the 15-150 keV photon indices Γ shown for long
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and short GRBs in Figure 31 we do see the same
effect in Swift-detected short and long GRBs as
well. Figure 7 displays the relations between ob-
served T90 and Γ, suggesting that there are two
distinct groups in that diagram. As pointed out
by Margutti et al. (2013), short GRBs appear to
be less energetic compared with long GRBs. The
consequence is that the fluence of short GRBs is
significantly lower than that of long GRBs (Fig-
ure 32).
To find out if a burst belongs to one class
of the other, one method that has been sug-
gested in spectral lag analysis ([e.g. Ukwatta et al.
2012; Gehrels et al. 2006; Norris et al. 2000).
Another method is to apply statistical tools to
the n-dimensional dataset and classify a GRB
as a short of a long-duration GRB using clus-
ter analysis (e.g. Everitt et al. 2011). We use
the observed T90, 15-150 keV fluence, and γ (all
normalized) to span a three-dimensional space.
We then run a hierarchical cluster analysis with
centroid linkage on this dataset. Besides out-
liers which consist of GRB 060202B which has
an extremely soft 15-150 keV X-ray spectrum
(Aharonian et al. 2009), and GRB 060218 which
is the low-luminosity GRB associated with su-
pernova SN 2006aj (Soderberg et al. 2006), we
see two main groups: Group 1 which consists
of 685 members, and Group 2 consisting of 55
members - all short GRBs. There is a small
third group which consists of GRBs 050416A,
050819, 050824, 060428B 061218, 080520, and
130608A. All these bursts are X-ray flashes (e.g.
Sakamoto et al. 2008). This group has previously
being suggested to be an intermediate duration
GRB group by e.g Mukherjee et al., (1998) and
Veres et al. (2010). Figure 29 displays where these
GRB groups appear in T90 - Γ, T90 - fluence, and Γ
- fluence diagrams. In these diagrams we displays
group 1 as black crosses, group 2 as blue triangles
and group 3 as red circles. These diagrams sug-
gest that there is still some overlap between the
groups, although the XRFs (group 3) are clearly
distinct in the T90 − Γ and Γ-Fluence diagrams.
However, these diagrams are just two-dimensional
projection of the three-dimensional space that is
spanned by T90, Γ and the 15-150 keV fluence.
In order to really see if the three groups are dis-
joint we need to perform an axis transformation in
the same way as it was done for the PCA. There-
fore we performed a PCA in the three parameter
space and calculated the first two Eigenvectors for
each burst. This diagram is shown in Figure 30.
Clearly short and long GRBs and XRFs occupy
different areas in this diagram: short GRBs have
low eigenvector 1 and high eigenvector 2. XRFs
on the other hand have very high eigenvector 2s.
We can use this diagram in order to determine if a
burst with a border line T90 is a short or a long du-
ration GRB. In Appendix F we give the equations
to determine where on the eigenvector 1 - eigen-
vector 2 diagram (Figure 30) a burst lies based on
its observed BAT properties.
What this analysis also shows is that the
previously considered short bursts GRB 050724
and GRB 051221A (e.g. Grupe et al. 2006;
Burrows et al. 2006, respectively) are long GRBs.
Other GRBs that were considered short burst in
our previous analysis using the 2s cutoff line are:
GRBs 070809, 071227, 080426, 080905, 081024,
090426, 100724A, 120403A, and 121226A. These
bursts however, need to be classified as long GRBs.
On the other hand, what our analysis also found
were short GRBs with an observed T90 of 2.6 and
5.2s, GRBs 081016B and 110726A, respectively.
Although their T90 is significantly longer than the
0.8s that we suggest from our analysis consistent
with the results by Bromberg et al. (2013). These
burst can be classified as short bursts due to their
low fluence of the order of 10−7 erg cm−2 and hard
X-ray spectra with Γ=0.79 and 0.64, respectively.
4.5. Luminosity Function
As for the luminosity functions we noticed a
steepening of the slope for the higher luminos-
ity part of the luminosity function with increas-
ing redshift. However, one has to be very careful
with drawing conclusions from these findings. The
redshift distribution of GRBs is strongly biased
against high redshift bursts, due to selection ef-
fects. As mentioned above, bursts without redshift
measurements are drawn from a fainter population
than bursts with redshift measurements. As also
pointed out by Salvaterra et al. (2012), the Swift
redshift sample is far from being complete. In or-
der to obtain a complete sample, Salvaterra et al.
(2012) proposed to use only bursts with high peak
photon flux in the BAT band. This is not true for
all Swift bursts with redshift measurements. Be-
cause we do have a bias against GRBs with low
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fluence, the sample of bursts with redshift mea-
surements is biased against high redshift bursts
due to their typically lower fluence.
While the selection effect of GRBs with red-
shift measurements can explain the steep decay
in the GRB rate at higher redshifts as shown in
Figure 20, it does not explain the lower rate of
bright GRBs in the low redshift Universe. While
the smaller comoving volume for the Universe with
z<1 may explain part of this effect, it does not ex-
plain the whole picture. The comoving volume
of the Universe with z<1 is 153 Gpc3, it is 453
Gpc3 in the redshift interval between z=1 and 2,
and about 250 Gpc3 in the redshift intervals be-
tween z=2 and 4 in z=0.5 intervals. Another effect
maybe metallicity and the evolution of the star
formation rate. As shown by Grieco et al. (2012),
the star formation rate in spiral galaxies peaks at
a redshift of about 3, which is consistent with the
GRB rate shown in Figure 20. The conclusion here
is that in the local universe only a smaller number
of very massive stars is formed that will then end
as a GRB, while at earlier epochs the rate of very
massive stars has been higher.
4.6. Redshift predictions for Swift-detected
GRBs
Last but not least we raise the question whether
we can make rough predictions on the X-ray light
curve behavior based on prompt emission proper-
ties? Can we use any relation between observed
burst properties with redshift to make predictions
on the possible redshift of the burst? We initially
did this with the relation we found between the ex-
cess absorption in the X-ray afterglow X-ray spec-
trum (Grupe et al. 2007): GRBs with high ex-
cess absorption column density above the Galac-
tic value are low redshift bursts. We found simi-
lar relations between the BAT photon index ΓBAT
and the observed 15-150 keV fluence and redshift:
GRBs with steep ΓBAT (>2.0) and high fluence
(> 10−5 erg s−1 cm−2) are only seen in bursts
with redshifts z < 4. Again, we can only discrimi-
nate low-redshift GRBs by their observed proper-
ties. One step further is the method we described
at the end of Section 3.6, where we use a PCA to
determine an eigenvector1 of a burst (see also Ap-
pendixE) based on the observed BAT parameters
T90, fluence and Γ. There is still strong scatter in
this relation which still needs independent redshift
discriminators.
As we have shown in the discussion about the
correlation analysis, most promising are the rela-
tions between the energy/luminosity of the GRB’s
prompt emission and the decay slopes in the X-
ray afterglow light curves. This, however, requires
that the burst has to be observed until the de-
cay slopes can be measured, which typically means
at least several hours after the burst for plateau
phase as a minimum. So far no secure discrimina-
tor has been found for high-redshift bursts. Our
plan is to apply machine learning techniques to the
data set in order to obtain better redshift predic-
tions based on observed GRB properties measured
from Swift data, similar to what has been shown
by Morgan et al. (2012). What is really needed is
a relation between a redshift-independent param-
eter such as Γ and redshift-dependent parameters
such as energy or luminosity.
5. Conclusions
The main result of our statistical study of Swift-
discovered GRBs is that we found new evidence
that the GRB prompt and afterglow emission are
linked. This result is supported by the following
findings:
• The BAT T90 and the break times in the X-
ray light curve before and after the plateau
phase are strongly correlated (Sections,3.3).
Bursts with longer T90 tend to show later
breaks in their X-ray afterglow light curves.
This is a statistically highly significant re-
sult, suggesting a physical relationship be-
tween the high energy prompt and soft X-
ray afterglow emission. These correlations
appear to be strong in the observed as well
as in the rest-frame.
• The hard X-ray photon index Γ of the
prompt emission strongly anti-correlates
with the decay slopes in the X-ray afterglow
light curves. The observed fluence in the 15-
150 keV BAT energy range anti-correlates
with the decay slopes in X-rays. Together
with the T90 - Tbreak correlations these re-
lations can be used to predict the behavior
of the X-ray afterglow with a canonical light
curve based on prompt emission parameter
measurements.
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• The Principal Component Analysis shows
that the prompt and afterglow emission are
driven primarily by the luminosity and/or
isotropic energy release of the burst (sec-
tions 3.4, 4.3).
• A cluster analysis on the observed Swift-
BAT parameters shows that short and long
GRBs can be well-separated and that the
division between short and long-duration
GRBs detected by the BAT is less than 1s.
• In addition we identified a third group in the
cluster analysis: XRFs
• The large number of Swift-detected bursts
with redshift measurements allows to do
preform GRB cosmology (sections 3.5, 4.5).
The analysis of the GRB luminosity func-
tions at different redshift intervals shows
that the slope of the high-luminosity end
of the luminosity function becomes steeper
with increasing redshift. The density of high
luminous GRBs L > 1052 erg s−1 rate peaks
at a redshift of about z=3 and the results
suggest a ’cosmic downsizing’ of GRBs at
lower redshifts, similar to what has been ob-
served for quasars. The peak of this GRB
density is at a redshift of 2.7 which agrees
with the peak of the cosmic quasar density
and the star formations rate history, suggest-
ing a close connection GRBs - star formation
and quasar evolution.
• The detection of a GRB is strongly depends
on the BAT detection characteristics (Sec-
tion 3.2). This is primarily a mixture of the
length of the burst and the fluence. We can
not detect very long bursts with low fluence.
• Observed BAT parameters can be used to
get a rough estimate of a burst redshift.
• The statistical analysis presented in the pa-
per can only be the beginning of data min-
ing the rich Swift GRB data set. In the
future we need to look into the analysis of
the datasets including survival statistics to
take upper and lower limits, e.g. for the
break times in the X-ray light curves into
account. Another important task in the fu-
ture will be to develop a support vector ma-
chine analysis that will allow to make pre-
dictions on the X-ray afterglow light curve
and its behavior based on prompt emission
properties. Last but not least we need to ex-
amine the possibility of estimating redshift
predictions similar to what has been done by
Morgan et al. (2012). Ultimately it is im-
portant that ground-based observes increase
the number of afterglows for which they ob-
tain spectroscopic data to measure redshifts.
Only with redshifts and therefore distance
measurements we are able to derive the in-
trinsic physical properties of the bursts.
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Fig. 1.— Onboard Swift-BAT-detected GRBs per
year. The blue triangles displays all GRBs de-
tected and the red circles those GRBs which had
spectroscopic redshift measurements. Note that
the 2013 numbers were projected based on the
GRBs detected in the first 8 months of 2013.
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Fig. 2.— Histograms, box plots and qq plots of the distributions of the 15-150 keV BAT T90 (upper panels),
the X-ray afterglow light curve break times Tbreak1 (middle panel) and Tbreak2 (lower panels) before and after
the plateau phase, respectively in the observed frame. The solid line in the histogram displays the kernel
density estimator (e.g. Everitt & Hothorn 2010; Feigelson & Babu 2012). In the box plots, short bursts
are displayed on top, long bursts in the middle and all bursts on the bottom.
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Fig. 3.— Same as Figure 2, but all times in the rest-frame.
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Fig. 4.— Distributions of the X-ray light curve decay slopes during the plateau and the normal decay phase
(upper and panel panel, respectively). As in Figure 2, the histogram, box plot, and q-q plot are shown. In
the box plots, short bursts are displayed on top, long bursts in the middle and all bursts on the bottom.
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Fig. 5.— Median observed XRT flux light curve and rest-frame luminosity light curve of Swift-detected
GRBs (left and right panel, respectively, see also Table 1).
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Fig. 6.— Redshift distribution of all Swift-detected GRBs with spectroscopic redshifts. As in Figure 2, the
histogram, box plot, and q-q plot are shown. In the box plots, short bursts are displayed on top, long bursts
in the middle and all bursts on the bottom.
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Fig. 11.— Correlation between 15-150 keV pho-
ton spectra slope Γ in the BAT and the 0.3-10
keV energy spectral index βX. Of this plot is the
extremely soft GRB 060602B (Aharonian et al.
2009) at Γ = 4.97± 0.49 and βX=3.30±0.91. The
blue cross in the upper left corner displays the me-
dian uncertainty of each property.
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Fig. 7.— Correlations between the BAT 15-150 keV photon index Γ and the observed and rest-frame T90.
High redshift bursts (z>3.5) are displayed as red circles.
Fig. 8.— Correlations between the fluences and the luminosities in the 15-150 keV BAT band and the 0.3-10
keV XRT energy band (left and right panel, respectively). Short bursts are marked as blue triangles and
high redshift bursts (z> 3.5) as red circles.
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Fig. 9.— Correlation between the observed BAT 15-150 keV T90 and the break time Tbreak1 in the X-
ray afterglow light curves before the plateau phase in the observed and rest-frame (left and right panel,
respectively). GRBs with a redshift z>3.5 are marked as red circles.
Fig. 10.— Correlation between the observed BAT 15-150 keV T90 and the break time Tbreak2 in the X-
ray afterglow light curves after the plateau phase in the observed and rest-frame (left and right panel,
respectively).
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Fig. 12.— Correlation between the BAT 15-150 keV photon index ΓBAT and the decay slopes during the
plateau phase and the ‘normal’ decay phase. (left and right panel, respectively). Short duration GRBs are
displayed as triangles. The blue cross in the upper right corner displays the median uncertainty of each
property.
Fig. 13.— Correlation between the fluence in the 15-150 keV BAT and and the decay slopes during the
plateau phase and the ‘normal’ decay phase. (left and right panel, respectively). Short duration GRBs are
displayed as triangles.
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Fig. 14.— Relation between the k-corrected BAT luminosity and the BAT photon index Γ and the break
times before and after the X-ray afterglow plateau phase (left and right panel, respectively). Short bursts
in these plots are marked as triangles.
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Fig. 15.— Correlation between the 15-150 keV isotropic energy and X-ray afterglow decay slopes during and
after the plateau phase αX2 andαX3. Short bursts in these plots are marked as triangles.
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Fig. 17.— Log N - Log S Diagram of Swift-
detected GRBs. The red triangles the observed
fluence in the 15-150 keV BAT band and the blue
squares the k-corrected 15-150 keV fluence.
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Fig. 16.— Eigenvector 1 vs. rest-frame 15-150 keV luminosity and isotropic energy in the 15-150 keV BAT
band in our GRB sample (left and middle panel respectively). Eigenvector 1 was determined based on the
5 parameters used in the PCA listed in Table 5. The right panel displays eigenvector 1 vs. the bolometric
energy derived by Nava et al. (2012) as a comparison.
Fig. 18.— Luminosity function of Swift-discovered GRBs in various redshift intervals. The fit parameters to
these luminosity functions and the number of GRBs in each function are listed in Table 6.
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Fig. 19.— Slope b of the luminosity function (see
Table 6) for bursts with L > Lbreak vs. redshift.
Fig. 20.— Total rate of GRBs per year and Gpc
derived from the number of Swift-detected GRBs
Fig. 21.— Density of bright (L > 1052 erg s−1)
Swift-discovered bursts.
Fig. 22.— 15-150 keV luminosity vs. redshift
39
Fig. 23.— Excess absorption column density
(∆NH + 1) vs. redshift (z+1). The red lines mark
the mean values as listed in Table 1 and the blue
line the NH - redshift relation from Grupe et al.
(2007).
40
Fig. 24.— Relation between redshift and the photon index Γ in the BAT band and the observed 15-150 keV
fluence. Again, short duration GRBs are marked as triangles.
Fig. 27.— Relation between redshift and the observed and rest-frame BAT 15-150 keV T90.
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Table 1
Mean, standard deviation, and median of GRB properties in the observed and rest-frame
for all GRBS, long and short duration GRBs, and high-redshift bursts (z>4.0).
All GRBS Long GRBs Short GRBs z> 4 bursts
Property Mean SD1 Median # of GRBs Mean SD1 Median # of GRBs Mean SD1 Median # of GRBs
ΓBAT 1.614 0.420 1.600 751 1.651 0.400 1.620 687 1.205 0.418 1.100 63 1.554 0.260 1.600 18
βX 1.002 0.432 0.970 632 1.007 0.429 0.970 592 0.934 0.478 0.830 39 0.974 0.171 0.960 18
log T90 1.435 0.798 1.601 753 1.612 0.550 1.681 690 -0.501 0.465 -0.456 63 1.557 0.554 1.354 18
log T90−z 1.074 0.706 1.129 232 1.184 0.580 1.208 217 -0.511 0.404 -0.561 15 0.770 0.561 0.535 18
log Tbreak−1 2.706 0.493 2.638 384 2.705 0.494 2.633 377 2.655 0.347 2.568 6 2.792 0.294 2.000 11
log Tbreak−1−z 2.258 0.564 2.190 146 2.252 0.564 2.178 144 2.725 0.453 2.725 2 1.984 0.285 1.881 11
log Tbreak−2 3.866 0.748 3.897 417 3.917 0.712 3.924 389 2.802 0.704 2.556 19 3.987 0.597 4.080 16
log Tbreak−2−z 3.484 0.697 3.365 177 3.512 0.674 3.522 170 2.786 0.935 2.867 7 3.201 0.615 3.255 16
αX2 0.592 0.439 0.620 539 0.597 0.427 0.630 515 0.455 0.639 0.500 23 0.582 0.375 0.660 17
αX3 1.550 0.748 1.380 475 1.499 0.555 1.370 450 2.475 2.088 1.660 25 1.591 0.476 1.490 17
log fluence2 -5.919 0.676 -5.907 752 -5.813 0.585 -5.848 689 -7.080 0.499 -7.134 63 -5.880 0.460 -5.930 18
log fluence-k3 -5.560 0.749 -5.536 232 -5.477 0.679 -5.491 217 -6.761 0.687 -6.768 15 -5.528 0.568 -5.586 18
log L15−150keV
4 51.540 1.240 51.678 231 51.603 1.210 51.759 216 50.637 1.350 51.111 15 53.158 0.459 53.090 18
log Eiso
5 52.610 1.272 52.856 231 52.782 1.064 52.965 216 50.126 1.458 50.472 15 53.928 0.600 53.953 18
Epeak
6 254.1 376.0 148.0 206 225.3 246.4 143.0 193 686,4 1108 370 13 154.4 96.5 122.5 8
Epeak,z
6 750.6 5 893.2 104 669.2 532.5 537.4 98 2008 2947 933 6 966.4 570.2 824.0 8
log (∆NH + 1)
7 0.606 0.715 0.000 618 0.626 0.715 0.000 578 0.377 0.698 0.000 39 0.259 0.380 0.000 18
z 2.018 1.373 1.763 232 2.111 1.363 1.950 217 0.681 0.640 0.547 15 5.201 1.080 4.860 18
1Standard deviation SD
2Observer Fluence in the 15-150 keV BAT energy band in units of erg cm−2
3K-corrected 15-150 keV Fluence in units of erg cm−2
4rest frame 15-150 keV luminosity given in unites of erg s−1
5k-corrected isotropic energy Eiso in the 15 - 150 keV BAT band
6Peak energy Epeak in units of keV
7The excess absorption column density ∆NH above the galactic value (see Grupe et al. 2007) is given in units of 10
20 cm−2
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Table 2
Spearman rank order correlation and Student’s t-test for the observed parameters of
all Swift-detected GRBs. 1
ΓBAT βX αX2 αX3 T90 Tbreak1 Tbreak2 15-150 keV fluence
ΓBAT — 632, 6.23×10
−6 539, < 10−8 475, < 10−8 750, 0.0231 384, 0.1638 417, 0.0162 750, 1.85×10−4
βX +0.186, +4.557 — 539, 4.55 × 10
−4 473, 2.71 × 10−4 631, 0.4148 384, 0.1459 417, 9.33 × 10−4 631, 0.7742
αX2 −0.259, −6.215 −0.150, −3.528 — 413, < 10
−8 538, .7.2 × 10−7 383, 0.4634 414, 1.7 × 10−7 538, < 10−8
αX3 −0.313, −7.181 −0.167, −3.669 +0.405, +8.980 — 475, 1 × 10
−8 278, 0.0387 414, 1.97 × 10−6 475, 5.6×10−7
T90 +0.083, +2.279 +0.033, +0.816 +0.212, +5.015 +0.262, +5.903 — 383, < 10
−8 417, < 10−8 752, < 10−8
Tbreak1 +0.071, +1.395 −0.074, −1.457 −0.038, −0.734 +0.124, +2.077 +0.328, +6.776 — 277, < 10
−8 383, 0.2121
Tbreak2 +0.118, +2.414 +0.161, +3.334 +0.254, +5.321 +0.231, +4.825 +0.495, 11.615 +0.516, +9.994 — 417, 7.49×10
−5
15-150 keV fluence −0.136, −3.758 +0.011, +0.286 +0.268, +6.450 +0.227, +5.075 +0.659, +23.99 −0.064, −1.253 +0.193, +3.999 —
1The values below the diagonal list the Spearman rank order correlation coefficient rs and the Student’s T-test value Ts. The values above the diagonal list the number of GRBs in this
correlation and the probability P that the result is drawn from a random distribution.
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Table 3
Spearman rank order correlation and Student’s t-test for the rest-frame parameters of
Swift-detected GRBs with spectroscopic redshifts. 1
ΓBAT βX αX2 αX3 T90,z Tbreak1,z Tbreak2,z L15−150keV Eiso Epeak,z
ΓBAT — 230, 1.68 × 10
−3 208, 6.95 × 10−5 188, 1.68 × 10−4 232, 0.1360 144, 0.1991 175, 0.047 231, < 10−8 231, 4 × 10−8 104, 1.12 × 10−5
βX +0.206, +3.179 — 208, 0.011 188, 2.75×10
−4 230, 0.2813 144, 0.2133 175, 4.61 × 10−4 229, 0.0500 229, 0.0701 103, 0.1557
αX2 −0.272, −4.064 −0.175, −2.556 — 175, 1.96×10
−5 208, 0.0197 143, 0.4256 175, 0.1557, 207, 0.0702 207, 1.22×10−3 98, 4.12×10−3
αX3 −0.271, −3.839 −0.262, −3.708 +0.317, +4.393 — 188, 9.06×10
−3 115, 0.2404 174, 0.5166 188, 0.0225 188, 2.98×10−5 87, 0.0122
T90,z +0.098, +1.496 +0.072, +1.082 +0.162, +2.351 +0.190, +2.637 — 144, 4.53×10
−6 175, < 10−8 231, 7.64×10−6 231, 2.64×10−3 104, 0.7572
Tbreak1,z +0.108, +1.291 +0.104, +1.246 −0.067, −0.799 −0.111, −1.183 +0.371, +4.767 – 115, < 10
−8 143, < 10−8 143, < 10−8 65, 0.2841
Tbreak2,z +0.151, +2.004 +0.262, +3.573 +0.108, +1.425 +0.050, +0.651 +0.439, +6.421 +0.628, +8.568 — 175, 1 × 10
−8 175, 0.0110 82, 0.1623
L15−150keV −0.370, −6.032 −0.130, −1.972 +0.126, +1.816 +0.166, +2.295 −0.290, −4.579 −0.587, −8.614 −0.413, −5.956 — 231, < 10
−8 103, 6.88×10−8
Eiso −0.351, −5.678 −0.120, −1.815 +0.222, +3.264 +0.300, +4.284 +0.197, +3.048 −0.472, −6.357 −0.192, =2.570 +0.850, +24.415 — 103, 1.06×10
−6
Epeak,z −0.416, −4.616 −0.141, −1.433 +0.287, +2.938 +0.268, +2.560 −0.031, −0.309 −0.136, −1.086 −0.155, −1.405 +0.426, +4.735 +0.459, +5.188 —
1The values below the diagonal list the Spearman rank order correlation coefficient rs and the Student’s T-test value Ts. The values above the diagonal list the number of GRBs in this correlation and the probability P
that the result is drawn from a random distribution.
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Fig. 29.— The correlations between the three parameters used in the cluster analysis as discussed in Sec-
tion 4.4 The members of group 1 (long GRBs) from the cluster analysis are displayed as black crosses, group
2 (short GRBs) are displayed as (blue) triangles, and group 3 (XRFs) as red circles.
Table 4
Results from the Principal Component Analysis for 175 GRBs of the Swift sample1 .
Property EV 1 EV 2 EV 3 EV 4 EV 5 EV 6
Proportion of Variance 0.3742 0.2366 0.1316 0.1007 0.08319 0.07377
Cumulative Proportion 0.3742 0.6108 0.7423 0.8430 0.92623 1.00000
log T90,z -0.3959 0.4782 -0.2098 0.2080 0.7193 -0.0997
log Tbreak2,z -0.4859 0.2924 0.2970 0.1528 -0.4977 -0.5650
αX2 0.1043 0.6931 -0.0393 -0.6379 -0.1961 0.2486
ΓBAT -0.3830 -0.3865 -0.5170 -0.5799 0.0193 -0.3163
βX -0.4105 -0.2349 0.7128 -0.3458 0.2755 0.2698
log L15−150keV 0.5303 0.0277 0.3016 -0.2658 0.3468 -0.6605
1These are GRBs with canonical light curves and spectroscopic redshift measurements.
Table 5
Same as Table 4, but without the 15-150 keV luminosity.
Property EV 1 EV 2 EV 3 EV 4 EV 5
Proportion of Variance 0.3525 0.2836 0.1497 0.1172 0.09717
Cumulative Proportion 0.3525 0.6360 0.7857 0.9028 1.00000
log T90,z -0.4680 0.4521 -0.3117 0.4303 -0.5424
log Tbreak2,z -0.5854 0.2565 0.2216 0.1604 0.7188
αX2 0.0790 0.6985 -0.0738 -0.7073 -0.0044
ΓBAT -0.4048 -0.4096 -0.7159 -0.3758 0.1210
βX -0.5179 -0.2719 0.5795 -0.3842 -0.4176
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Table 6
Results of the fits to the GRB luminosity functions shown in Figure 18
redshift interval # of GRBs a1 b1 Φ∗1,2 Lbreak
1,3
<0.5 21 +0.117±0.016 0.836±0.179 0.630±0.074 3.36± 1.27× 1049
0.5 - 1.0 44 -0.036±0.166 0.774±0.183 0.433±0.195 (2.81± 349)× 1050
1.0 - 2.0 61 -0.001±0.011 0.948±0.074 0.133±0.008 (2.35± 0.36)× 1051
2.0 - 3.0 59 -0.024±0.023 0.921±0.078 0.127±0.011 (9.21± 2.13)× 1051
3.0 - 4.0 27 -0.090±0.149 1.211±0.224 0.068±0.019 (1.85± 0.95)× 1052
>4.0 18 -0.107±0.040 1.309±0.059 0.014±0.001 (9.11± 1.07)× 1052
1The fit parameters are defined as Φ(L, z) =
Φ∗(Lbreak)
(L/Lbreak)
a+(L/Lbreak)
b
2The GRB density Φ∗ at the break luminosity Lbreak is given in units if GRBs per Gpc
3.
3The break luminosity is given in units of erg s−1
Table 7
Mean, standard deviation, and median of observed GRB properties of GRBs with
spectroscopic redshifts and those without
GRBs with redshift GRBs without redshift GRBs in PCA
Property Mean SD1 Median # of GRBs Mean SD1 Median # of GRBs
ΓBAT 1.618 0.421 1.590 232 1.612 0.420 1.600 519 1.647 0.397 1.620 175
βX 1.032 0.366 1.020 230 0.985 0.465 0.930 402 1.040 0.319 1.040 175
log T90 1.511 0.730 1.630 232 1.401 0.825 1.595 521 1.577 0.652 1.653 175
log Tbreak−1 2.710 0.507 2.607 145 2.703 0.485 2.645 239 2.658 0.471 2.568 115
log Tbreak−2 3.941 0.678 3.924 176 3.820 0.793 3.887 241 3.932 0.675 3.924 175
αX2 0.620 0.419 0.590 208 0.575 0.451 0.620 331 0.556 0.392 0.550 175
αX3 1.559 0.567 1.430 188 1.545 0.847 1.320 287 1.527 0.445 1.430 174
log fluence2 -5.729 0.671 -5.716 232 -6.004 0.662 -5.975 520 -5.656 0.568 -5.636 175
Epeak
3 285.1 442.8 195.0 104 223.1 291.8 110.5 102 296.0 488.6 187.5 82
z 2.019 1.373 1.763 232 · · · · · · · · · 0 2.115 1.369 1.884 175
# of UVOT detections4 155 91 123
1Standard deviation SD
2Observer Fluence in the 15-150 keV BAT energy band in units of erg s−1 cm−2
3Peak energy Epeak in units of keV
4Of all GRBs, 218 had UVOT detections
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Table 8
Mean, standard deviation, and median of GRB properties in the observed for low (z<1.0),
intermediate (1.0<z<3.5), and high (z>3.5) long-duration GRBs (group 1 in the cluster
analysis)
z<1.0 1.0 < z < 3.5 z> 3.5 bursts
Property Mean SD1 Median # of GRBs Mean SD1 Median # of GRBs Mean SD1 Median # of GRBs
ΓBAT 1.693 0.425 1.630 50 1.635 0.401 1.620 136 1.494 0.274 1.510 29
βX 1.105 0.483 1.035 50 1.023 0.307 1.020 136 0.974 0.250 0.990 29
log T90 1.455 0.662 1.552 50 1.652 0.530 1.681 136 1.689 0.531 1.702 29
log Tbreak−1 2.867 0.638 2.681 31 2.667 0.471 2.565 90 2.646 0.310 2.633 19
log Tbreak−2 4.017 0.761 3.959 39 3.923 0.645 3.924 103 4.018 0.513 4.002 26
αX2 0.579 0.421 0.570 44 0.639 0.431 0.630 125 0.600 0.352 0.560 28
αX3 1.469 0.528 1.340 41 1.517 0.394 1.440 112 1.652 0.509 1.630 27
log fluence2 -5.632 0.695 -5.703 50 -5.674 0.556 -5.632 136 -5.775 0.418 -5.740 29
Epeak
6 2.214 0.430 2.210 23 2.275 0.328 2.301 61 2.078 0.250 2.081 12
log (∆NH + 1)
7 0.931 0.711 1.167 49 0.585 0.574 0.709 136 0.265 0.377 0.000 29
1Standard deviation SD
2Observer Fluence in the 15-150 keV BAT energy band in units of erg cm−2
3K-corrected 15-150 keV Fluence in units of erg cm−2
4rest frame 15-150 keV luminosity given in unites of erg s−1
5k-corrected isotropic energy Eiso in the 15 - 150 keV BAT band
6Peak energy Epeak in units of keV
7The excess absorption column density ∆NH above the galactic value (see Grupe et al. 2007) is given in units of 10
20 cm−2
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Fig. 25.— Eigenvector 1 from a PCA on long
GRBs using T90, Fluence, and Γ as input prop-
erties vs. isotropic energy Eiso in the 15-150 keV
band. Bursts with redshifts z > 3.5 are marked as
red circles and bursts with a redshift z < 1.0 are
marked as blue triangles.
Fig. 26.— BAT photon index ΓBAT vs. observed
fluence in the 15-150 keV band. Short bursts are
displayed as blue triangles.
Fig. 28.— Fluence in the 15-150 keV Swift BAT
band and T90
Fig. 30.— Eigenvector 1 vs. Eigenvector 2 plot of
the GRBs of the cluster analysis using log T90, Γ,
and log 15-150 keV fluence. The different groups
are marked as defined in Figure 29.
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Fig. 36.— Correlation between decay slopes dur-
ing the plateau phase αX2 and the ‘normal’ decay
phase αX3. The blue cross in the upper left corner
displays the median uncertainty of each property.
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Fig. 31.— Distributions of the 15-150 keV BAT photon index and the 0.3-10 keV XRT energy spectral slope
βX, shown in the upper and lower panels, respectively. As in Figure 2, the histogram, box plot, and q-q plot
are shown. In the box plots, short bursts are displayed on top, long bursts in the middle and all bursts on
the bottom.
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Fig. 32.— Distribution of the observed and k-corrected 15-150 keV fluence in the BAT band in units of erg
cm−2 (upper and lower panel, respectively). As in Figure 2, the histogram, box plot, and q-q plot are shown.
In the box plots, short bursts are displayed on top, long bursts in the middle and all bursts on the bottom.
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Fig. 33.— Distribution of the rest-frame 15-150 keV luminosity and isotropic energy Eiso of Swift-detected
GRBs with spectroscopic redshifts (upper and lower panel, respectively). As in Figure 2, the histogram, box
plot, and q-q plot are shown. In the box plots, short bursts are displayed on top, long bursts in the middle
and all bursts on the bottom.
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Fig. 34.— Distributions of the observed and rest-frame Peak energy Epeak,z of Swift-detected GRBs with
spectroscopic redshifts (upper and lower panels, respectively). As in Figure 2, the histogram, box plot, and
q-q plot are shown. In the box plots, short bursts are displayed on top, long bursts in the middle and all
bursts on the bottom.
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Fig. 35.— Correlation between the between the break times before and after the plateau phase Tbreak1 and
Tbreak2 in the observed and rest-frame (left and right panel, respectively)..
Fig. 37.— Correlation between the BAT 15-150 keV Γ and the peak energy Epeak in the observed and rest-
frame (left and right panel, respectively). The dashed lines display the relation found by Sakamoto et al.
(2009) and the solid line displays the relations found by us (see AppendixD)
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Fig. 38.— Correlation between the peak energy in the rest-frame Epeak,z and the k-corrected luminosity in
the 15-150 keV BAT band.
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Fig. 39.— Correlation between the rest frame peak energy Epeak,z and the decay slope during and after the
X-ray afterglow plateau phase αX2 and αX3, and the rest-frame break times at the beginning and end of the
plateau phase Tbreak1,z and Tbreak2,z.
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Fig. 40.— Relations of the k-corrected BAT luminosity and isotropic energy, and the luminosity in the 0.3-10
keV band with the BAT photon index Γ and the X-ray spectral slope βX (left and right panel, respectively).
Short bursts in these plots are marked as triangles.
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Fig. 41.— Anti-correlation between the 15-150 keV luminosity and the rest-frame T90 Short bursts in these
plots are marked as triangles.
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A. GRB Catalogue
Here we present the catalogue of our sample of 754 onboard Swift-BAT-deteced GRBs. The ASCII file of
the catalogue is available as a machine readable file on the Astrophysical Journal Supplement website linked
to this paper. The explanation of the ASCII file is summarized in Table 9. The ASCII catalogue is prepared
so it can be read directly into MIDAS. In order to read it into other data manipulations programs, the ”*”
has to be substituted with the appropriate symbol, like ’NA’ in R for example. A more detained explanation
of all parameters used in this paper is listed in Appendix B.
B. Explanation of parameters
In this section we explain the parameters used in this paper and how they were derived. For this purpose
we follow the order as listed in the GRB catalogue, Table 9.
• Redshift z: The redshifts prior 2012 were taken primarily from the GRB redshift catalogues by
Fynbo et al. (2009); Jakobsson et al. (2012) and Kru¨hler et al. (2012). All other redshift measure-
ments were taken from GCN circulars.
• T90: This time in which 90% of the energy is released in the prompt emission. The T90 used in this
paper is the time measured in the observed 15-150 keV band in the Swift BAT.
• T90,z: rest frame T90,z = T90/(1 + z)
• Fluence: This is the fluence in the observed 15-150 keV BAT band.
• Fluencek: k-corrected fluence with Fluencek = Fluenceobs × (1 + z)
2−Γ.
• Γ: Photon index of the hard X-ray spectrum in the observed 15-150 keV band.
• Epeak: Peak energy of the hard energy spectrum derived from a Band function Band et al. (1993).
We took the Epeak from GCN circulars. Before the launch of Fermi Epeak was primarily measured by
Konus-Wind. After the Fermi launch we primarily relied on Fermi GBM measurements.
• Epeak,z: rest frame Epeak,z = Epeak × (1 + z).
• E15−150keV: k-corrected energy in the 15-150 keV BAT band assuming an isotropic energy release.
• L15−150keV: k-corrected luminosity in the 15-150 keV BAT band assuming an isotropic energy release,
with L15−150keV = E15−150keV/T90,z
• NH,gal: Galactic absorption column density derived from the HI maps by Kalberla et al. (2005).
Throughout the paper the Galactic NH is given in units of 10
20 cm−2.
• NH,fit: Free-fit absorption column density. This was derived when the 0.3-10 keV X-ray spectrum can
not be fit with just the Galactic value.
• ∆NH: Excess absorption density as explained in Grupe et al. (2007) with ∆NH = NH,fit −NH,gal
• NH,z: Absorption column density at the redshift of the burst. These column densities were derived by
a power law fit to the 0.3-10 keV X-ray spectrum plus an absorption parameter fixed to the Galactic
value.
• βX: X-ray energy spectral index in the observed 0.3-10 keV band with νFν ∝ ν
−β
• Tbreak1: Observed break time in the X-ray afterglow light curve before the plateau phase.
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Table 9
GRB Catalogue ASCII file
Bytes Format Units Label Explanations
1 - 3 I3 — Num Running index number
5 - 11 A7 — GRB GRB Name
14 - 19 I6 — Trigger# BAT trigger number
22 - 28 F6.4 — z Redshift of the GRB
30 - 34 F8.3 s T90 observed BAT 15 - 150 keV T90
36 - 41 F7.3 s T90 err T90 uncertainty
43 - 49 E7.2 erg cm−2 Fluence Fluence in the 15-150 keV BAT band
51 - 57 E7.2 erg cm−2 Fluence err. Uncertainty in the 15-150 keV BAT fluence
59 - 62 F4.2 — Γ BAT 15 - 150 keV photon index Γ
64 - 67 F4.2 — Γerr Uncertainty of the BAT 15 - 150 keV photon index Γ
69 - 73 F7.2 keV Epeak Peak beak energy in keV at high energies
75 - 79 F7.2 keV Epeak,err Uncertainty in Epeak
81 - 88 F7.4 — log E15−150keV k-corrected energy in the 15-150 keV BAT band
1 given in units of erg
90 - 96 F7.4 — log L15−150keV k-corrected luminosity in the 15-150 keV BAT band
1 given in units of erg s−1.
98 - 102 F6.2 1020 cm−2 NH,gal Galactic absorption column density (Kalberla et al. 2005)
104 - 109 F6.2 1020 cm−2 NH,fit free fit absorption column density
2
111 - 115 F6.2 1020 cm−2 NH,err,− negative uncertainty in the free fit NH
117 - 122 F6.2 1020 cm−2 NH,err,− positive uncertainty in the free fit NH
124 - 128 F7.3 1022 cm−2 NH,z absorption column density at the redshift of the burst
130 - 134 F7.3 1022 cm−2 NH,z,err,− negative uncertainty in absorption column density at the redshift of the burst.
136 - 140 F7.3 1022 cm−2 NH,z,err,+ positive uncertainty in absorption column density at the redshift of the burst.
142 - 146 F4.2 — βX 0.3-10 keV energy spectral index
148 - 152 F5.2 — βx,err,− negative uncertainty in βX
154 - 158 F5.2 — βx,err,+ positive uncertainty in βX
160 - 164 I5 s Tbreak1 X-ray light curve break time before the plateau phase
166 - 171 I5 s Tbreak1,err Uncertainty in Tbreak1
173 - 178 I6 s Tbreak2 X-ray light curve break time after the plateau phase
180 - 185 I6 s Tbreak2,err Uncertainty in Tbreak2
187 - 191 F5.2 — αX2 X-ray light curve decay slope during the plateau phase
193 - 196 F4.2 — αx2,err Uncertainty in αX2
198 - 201 F4.2 — αX3 X-ray light curve decay slope during the plateau phase
203 - 206 F4.2 — αx3,err Uncertainty in αX3
1The k-corrected energy and luminosity were based on the k-corrected fluence following the standard k-correction by Oke & Sandage
(1968): Fluencek = Fluenceobs × 1 + z
2−Γ.
2The excess absorption above the Galactic value is then given by ∆NH = NH,fit −NH,gal.
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• Tbreak2: Observed break time in the X-ray afterglow light curve after the plateau phase.
• Tbreak1,z: Break time in the rest frame in the X-ray afterglow light curve before the plateau phase,
with Tbreak1,z = Tbreak1/(1 + z).
• Tbreak2,z: Break time in the rest frame in the X-ray afterglow light curve after the plateau phase, with
Tbreak2,z = Tbreak2/(1 + z).
• αX2: Decay slope of the plateau phase of the X-ray afterglow light curve in the 0.3-10 keV band with
νFν ∝ ν
−α2
• αX3: Decay slope of the normal decay phase of the X-ray afterglow light curve in the 0.3-10 keV band
with νFν ∝ ν
−α3
• Fluence0.3−10keV: Fluence in the observed 0.3-10 keV band during the plateau phase. This fluence
was determined by integrating over the afterglow 0.3-10 keV flux light curve starting at the beginning
of the plateau phase Tbreak1 to the end of the plateau phase Tbreak2.
C. Additional Distributions
In this section we show additional distributions of GRB parameters observed by Swift that have not been
shown in Section 3.1
As mentioned in Section 3.1, we applied the following statistical visualization tools to the data sets, which
are common in data mining:
1. The left panel displays the histogram with the kernel density estimator (solid line) of the distribution.
On the bottom of the plot the distribution of the real values of this property are shown.
2. The middle plot shows a box diagram for each property for short, long and all GRBs (top to bottom).
The box displays the 1. (mean), 2. (median), and 3. quartile and the ’whiskers’ which are defined as
the minimum/maximum values of the distribution or the 1.5 times the interquartile range (so between
the 1 and 3 quartile, so basically the 95% confidence level), whatever comes first. Values beyond the
’whiskers’ are outliers and are displayed as circles.
3. The right panel displays the quartile-quartile plot (Q-Q-plot). This plot makes it easy to identify how
well (or not) a distribution agrees with a Gaussian distribution which is shown as the solid line in these
plots. The dashed lines mark the region of 95% confidence.
More information about these tools can be found in Feigelson & Babu (e.g. 2012); Torgo (e.g. 2011);
Crawley (e.g. 2007).
Figure 31 displays the distributions of the observed 15-150 kev photon index in the BAT and the 0.3-10
keV X-ray energy spectral slope βX. The distributions of Γ is close to a Gaussian distribution as shown in
the Q-Q plot, with extended tails towards steep spectral slopes. In the distribution plot of the BAT photon
index Γ, GRB 060202B (Aharonian et al. 2009) is off this plot with its Γ = 4.97±0.49. The box plot of the Γ
distribution makes it apparent that short GRBs tend to have flatter hard X-ray spectra compared with long
GRBs, as expected. Short GRBs have a median photon spectral index in the 15-150 keV range of Γ=0.94
while long GRBs have median of Γ=1.56. Note that although T90 and 15-150 keV fluence measurements
exist for all the bursts, three early bursts (041219A, B, and C) did not have any spectral data available. In
addition, GRB 120401 came into the BAT Field of view during a slew, therefore T90 and the fluence could
not be measured (Palmer et al. 2012). In the 0.3-10 keV X-ray band, however, the spectral slopes of the
X-ray afterglows of of short and long GRBs are similar with median values of βX=0.82 and 0.99 for short
and long GRBs, respectively. As noticed by O’Brien et al. (2006) from a sample of 40 early Swift bursts,
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the spectral slope of the afterglow data appears to be softer compared with the 15-150 keV slope during the
prompt emission.
Figure 32 displays the distributions of the observed and k-corrected 15-150 keV fluence and the objects
with the lowest fluence are short duration As we have discussed in Section 3.2, this is also the result of a
selection effect: we can not detect long bursts with low fluence because their signal will be dominated by
detector background. Bursts with low fluence therefore need to emit their energy in a short amount of time.
Similar to these distributions is the distribution of the rest-frame 15-150 keV k-corrected luminosity and the
isotropic energy shown in Figure 33.
The distributions of the peak energies Epeak in the observed and rest-frame are shown in Figure 34. As
expected from the Epeak−Γ anti-correlation found by Sakamoto et al. (2009), short GRBs which have flatter
hard X-ray spectra than long-duration GRBs tend to have very high peak energies. As a matter of fact the
burst with the highest Epeak,z in our sample is the short GRB 090510, which has also been detected in
the Fermi LAT (e.g., Abdo et al. 2009; De Pasquale et al. 2010). Note, however, that the number of short
bursts with redshifts and Epeak measurements is only 6.
D. Additional Correlation analysis
In this Appendix we describe those correlations which have not been discussed in Section 3.3. We list also
Kendall’s and Pearson’s correlation analysis to the data in addition to the Spearman rank order analysis
discussed in Section 3.3. The number of correlation parameter pairs are the same as listed for the Spearman
rank order correlations listed in Table 2 for the entire sample and Table 3 for the sample with GRBs with
spectroscopic redshift measurements. Note the the number of parameter pairs for each correlation are listed
in thee tables. In the tables below, the Kendall’s τ and the probability are listed above the diagonal and
the Pearson correlation coefficient and probability are listed below. Table 10 lists the Kendall τ value and
the Pearson correlation coefficients for all GRBs and Table 11 for those GRBs with spectroscopic redshift
measurements.
Somewhat expected are correlations among afterglow parameters. As listed in Table 2 we find clear
correlations between the break times before and after the plateau phase (P < 10−8), and between the decay
slopes during the plateau and the normal afterglow decay phase αX2 and αX3 (P < 10
−8). These two
relations are displayed in Figures 35 and 36, respectively. The Tbreak1 - Tbreak,2 relation is shown for the
observed as well as for the rest-frame times. For the observed break times we found rs=0.517 and Ts=10.020
(277 GRBs), and rs=0.620, Ts =8.463 (117 GRBs) for the observed and rest-frame times, respectively.
In both cases the probability of a random result is P < 10−8. Significant correlations exist between the
decay slope during the plateau phase αX2 and the observed break time after the plateau phase Tbreak,2 with
rs = +0.254, Ts = +5.320 and P=1.75×10
−7 (414 GRBs), and the decay slope of the ‘normal’ decay slope
αX3 and the observed break time before the plateau phase with rs = +0.231, Ts = +4.825 and P=2.0×10
−6
(414 GRBs). Note that these correlations disappear in the rest-frame (Table 3).
As shown by Sakamoto et al. (2009) there is a clear anti-correlation between the photon index in the BAT
spectrum and the peak energy in the spectrum Epeak by a relation log Epeak = 3.258-0.829×Γ. Especially
after the launch of Fermi with its all-sky monitor GBM, the number of GRBs with Epeak measurements has
significantly increased. While the pre-Fermi sample in Sakamoto et al. (2009) contained 55 bursts with Epeak
measurements, the sample in our paper has measurements of 201 bursts with Epeak measurements (including
those presented in Sakamoto et al. (2009)) for which 188 are long GRBs. This relation is displayed in the left
panel of Figure 37. Of these bursts, 103 had spectroscopic redshift measurements. As for the long GRBs we
obtained a regression fit and found the following relations between the observed and rest-frame Epeak with Γ,
respectively: log Epeak = (2.91± 0.12)− (0.49± 0.08)×Γ and log Epeak,z = (3.32± 0.16)− (0.43± 0.11)×Γ.
The relation of Γ with Epeak,z in the rest-frame of the GRB is shown in the right panel of Figure 37. In
both cases there is a clear anti-correlation between the two properties with rs = −0.462, Ts = −7.455,
P < 10−8, and –0.416, –4.625, 1.10× 10−5 for the observed and rest-frame Epeak respectively (206 and 104
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Table 10
Kendall’s τ and Pearson correlation coefficients and probabilities of for the observed parameters of all
Swift-detected GRBs1 .
ΓBAT βX αX2 αX3 T90 Tbreak1 Tbreak2 15-150 keV fluence
ΓBAT — 0.123, 4.76×10
−6
−0.176, < 10−8 −0.215, < 10−8 +0.054, 0.0271 +0.048, 0.1676 +0.083, 0.0117 −0.1025, 2.89×10−5
βX +0.254, < 10
−8 — −0.103, 4.17 × 10−4 −0.116, 1.88 × 10−4 +0.021, 0.4317 −0.049, 0.1504 +0.1106, 7.95 × 10−4 +0.006, 0.817
αX2 −0.228, 8.31 × 10
−8
−0.161, 1.70 × 10−4 — +0.279, < 10−8 +0.144, .6.49 × 10−7 −0.023, 0.5075 +0.1725, 1.79 × 10−7 +0.1831, < 10−8
αX3 −0.229, 4.62 × 10
−7
−0.128, 0.0052 +0.234, 1.48 × 10−6 — +0.1841, < 10−8 +0.086, 0.0339 +0.163, 8.46 × 10−7 +0.1547, 5.18×10−7
T90 +0.162, 8.16 × 10
−6
−0.005, 0.905 +0.212, 7.33 × 10−7 −0.045, 0.325 — +0.223, < 10−8 +0.348, < 10−8 +0.481, < 10−8
Tbreak1 +0.033, 0.5218 −0.059, 0.2451 +0.010, 0.852 +0.075, 0.2143 +0.296, < 10
−8 — +0.360, < 10−8 −0.042, 0.2169
Tbreak2 +0.088, 0.0744 +0.166, 6.91 × 10
−4 +0.272, 272 × 10−8 +0.055, 0.2595 +0.526, < 10−8 +0.531, < 10−8 — +0.126, 1.25×10−3
15-150 keV fluence −0.1007, 0.0058 −0.055, 0.165 +0.261, < 10−8 −0.019, 0.6741 +0.715, < 10−8 −0.016, 0.7498 +0.235, 1.20 × 10−6 —
1Kendall’s τ and Pearson correlation coefficients and probabilities are listed above and below the diagonal, respectively. The number of parameter pairs are given in Table 2.
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Table 11
Kendall’s τ and Pearson correlation coefficients and probabilities of GRBs with spectroscopic redshifts1 1
ΓBAT βX αX2 αX3 T90,z Tbreak1,z Tbreak2,z L15−150keV Eiso Epeak,z
ΓBAT — 0.140, 1.70 × 10
−3
−0.186 7.53 × 10−5 −0.189, 1.35 × 10−4 0.069, 0.117 0.072, 0.2054 0.107, 0.036 0.2675, < 10−8 −0.266, < 10−8 −0.301, 6.51 × 10−6
βX +0.228, 8.82×10
−4 — −0.122, 0.0093 −10.1809, 2.58×10−4 0.050, 0.257 0.074, 0.1915 0.182, 3.88 × 10−4 −0.090, 0.0443, −0.060, 0.0604 −0.089, 0.1878
αX2 −0.248, 2.99 × 10
−5
−0.224, 0.0012 — 0.2189, 2.07×10−5 0.1235, 0.0084 −0.0456, 0.4311 0.0633, 0.2149, 0.0887, 0.0592 0.1627, 5.31×10−4 0.2267, 1.04×10−3
αX3 −0.157, 0.1556 −0.244, 7.34 × 10
−4 +0.202, 0.0074 — 0.1272, 0.0098 −0.075, 0.2361 0.043, 0.4033 −0.1100, 0.0256 0.2057, 2.97×10−5 0.1904, 0.0093
T90,z +0.143, 0.0298 +0.029, 0.6643 +0.198, 0.0041 +0.086, 0.2392 — 0.251, 8.46×10
−6 0.305, < 10−8 −0.206, 3.09×10−6 0.130, 3.30×10−3 −0.023, 0.726
Tbreak1,z +0.050, 0.5524 +0.079, 0.3449 −0.023, 0.7824 −0.101, 0.2836 +0.362, 8.01 × 10
−6 — 0.432, < 10−8 −0.409, < 10−8 −0.3317, < 10−8 −0.089, 0.2923
Tbreak2,z +0.160, 0.03398 +0.335, 5.76 × 10
−6 +0.103, 0.175 +0.070, 0.3535 +0.450, < 10−8 +0.613, < 10−8 — −0.285, 2.05 × 10−8 −0.131, 0.0100 −0.106, 0.1599
L15−150keV −0.343, 9.01 × 10
−8
−0.129, 0.0512 +0.110, 0.1154 +0.058, 0.4289 −0.238, 2.65 × 10−4 −0.574, < 10−8 −0.439, < 10−8 — 0.664, < 10−8 0.293, 1.19×10−5
Eiso −0.256, 8.34 × 10
−5
−0.113, 0.0886 +0.222, 1.3 × 10−3 +0.110, 0.133 +0.323, 5.33 × 10−7 −0.415, 2.45 × 10−7 −0.207, 0.0060 +0.843, < 10−8 — 0.337, 4.50×10−7
Epeak,z −0.397, 3.06 × 10
−5
−0.131, 0.1889 +0.273, 0.0065 −0.006, 0.959 −0.103, 0.2977 −0.122, 0.3312 −0.196, 0.077 +0.384, 6.36 × 10−5 +0.334, 4.81 × 10−4 —
1Kendall’s τ and Pearson correlation coefficients and probabilities are listed above and below the diagonal, respectively. The number of parameter pairs are given in Table 3.
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GRBs respectively). The solid line in these plots display the relations between Epeak and Γ that we found
for our Swift GRB sample and the dotted line shows the relation found by Sakamoto et al. (2009).
The best-known relationships of the peak energy Epeak, are those between the isotropically radiated energy
Eiso and the collimation-corrected energy Eγ , the Amati and Ghirlanda relations, respectively (Amati et al.
2002; Ghirlanda et al. 2004). Similar to these relations is the Epeak−Lpeak relation found by Yonetoku et al.
(2004) from BATSE detected bursts. Previously Schaefer (2007) found this relation for pre-Swift bursts,
however, it has also been found in Swift-detected bursts as reported by (Nava et al. 2012) who used 58
bursts with photon peak fluxes in the 15-150 BAT energy window with P > 2.6 photons cm−2 s−1. We
found a similar correlation between the rest-frame Epeakz and the prompt emission luminosity and isotropic
energy Eiso as displayed in Figure 38. These correlations (103 long GRBs) are quite tight with rs=0.426,
Ts=4.735 and P = 7.0× 10
−6 for the luminosity and rs=0.459, Ts=5.187 with P = 1.07× 10
−6 for Eiso.
The question is: does Epeak,z also correlate with other burst properties? What we found was that among
the long bursts there is a correlation between Epeak,z and the decay slope during the plateau phase αX2, with
rs=0.344, Ts=3.470, and P = 7.94× 10
−4 (92 GRBs), as displayed in Figure 39. This again demonstrates a
clear connection between prompt and afterglow emission properties: bursts with steeper decay slopes during
the plateau phase show peak energies in the rest-frame Epeakz at high energies than bursts with flatter decay
slopes. All other properties, such as βX, or αX3 do not show any significant correlation with Epeakz .
The relations of the K-corrected 15-150 keV luminosity and the spectral slope in the BAT band ΓBAT and
the X-ray spectral slope of the afterglow emission are displayed in Figure 40. While there is no correlation
with βX (right panel in Figure 40), there is a strong correlation with the BAT photon index ΓBAT. Here we
found an anti-correlation for the long bursts with rs = −0.457, Ts = −7.519 and a probability P < 10
−8 (216
GRBs). In other words, bursts with steep BAT photon indices tend to be less luminous than bursts with
flatter ΓBAT. Note that short duration GRBs do not follow this anti-correlation. Table 3 lists the correlations
of all bursts, including short bursts. The anti-correlation between Γ and L15−150keV becomes sightly weaker
for all GRBs. Although this anti-correlation is a relation between a redshift dependent parameter (Γ) and a
redshift independent parameter (L15−150keV), GRBs still can not be used as standard candles. Not only is
the scatter in the relation quite large, but L15−150keV is not independent of Γ because we used Γ as an input
parameter in the k-correction. Now lets see how Γ and βX depend on the 15-150 keV energy release. These
relations are displayed in the lower panels in Figure 40 where Γ anti-correlates strongly with the isotropic
energy in the 15-150 keV band E15−150keV (rs=–0.492, Ts=–8.268, P < 10
−8 for the 216 long GRBs. Again,
as listed in Table 2 the relation becomes weaker for all GRBs. As for the 0.3-10 keV spectral slope βX, this
is only a weak trend with rs=-0.177, Ts = −2.634, and P = 0.0090 for the long GRBs (215).
Figure 41 displays the relation between the rest-frame T90,z and the luminosity in the 15-150 keV band.
For the whole GRB sample we found a Spearman rank order correlation coefficient of rs=–0.290 and a
Student’s T-test of Ts=–4.580 with a probability of P = 8.41 × 10
−6 (231 GRBs) However, if we only
look at the long GRBs in the sample with spectroscopic redshifts (216 GRBs), this correlation becomes
even stronger with rs=–0.420, Ts=–6.777, and P < 10
−8. This relation suggests a strong anti-correlation
with high luminosity bursts having shorter T90. However, keep in mind that the luminosity and T90 are
not independent parameters. The luminosity was calculated by L = E/T90 so bursts with longer T90 will
have lower luminosities if we assume that their isotropic energies are somewhat similar. Although the T90
- luminosity relation looks like a significant correlation it may not be a physical relation. If more energetic
bursts have really shorter T90 then we should expect such a relation between the isotropic energy in the 15-150
keV band and T90. This is, however, a weak correlation with rs=+0.197 and Ts=3.044 with P = 2.60× 10
−3
of a random distribution. This relation, however, is driven by the short bursts. When applying this relation
to only long bursts, the correlation disappears completely.
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E. Redshift estimate based in BAT parameters
In Section 3.6 we showed that it may be possible to determine the 15-150 keV Eiso based on the observed
Swift-BAT parameter. The relations from the PCA as described in Section 3.6 are shown in the the eigen-
vector 1 - Eiso diagram, Figure 25. In order to place a new GRB onto this digram we give the equations of
the normalized BAT parameters T90, Γ, and fluence below:
logT90,norm = (logT90 − 1.636871)/0.557497 (E1)
Γnorm = (Γ− 1.643410)/0.4071438 (E2)
logF luencenorm = (logF luence+ 5.650423)/0.5962325 (E3)
Now we can calculate eigenvector 1 based on the PCA performed on the long GRBs with spectroscopic
redshift measurements:
eigenvector1 = −0.558370 ∗ T90,norm + 0.455017 ∗ Γnorm − 0.693674 ∗ Fluencenorm (E4)
F. Separating Short and Long Duration GRBs
In this section we give the relations that will allow the reader to place a new GRB in the eigenvector 1
- eigenvector 2 diagram, Figure 30 as described in Section ??. We first list the equation for the normalized
T90, Γ, and fluence:
logT90,norm = (logT90 − 1.43508)/0.798325 (F1)
Γnorm = (Γ− 1.614035)/0.4201068 (F2)
logF luencenorm = (logF luence+ 5.919272)/0.6762907 (F3)
Now we can calculate the eigenvectors:
eigenvector1 = 0.714278 ∗ T90,norm + 0.06593 ∗ Γnorm + 0.696829 ∗ Fluencenorm (F4)
eigenvector2 = 0.120528 ∗ T90,norm + 0.969348 ∗ Γnorm − 0.214095Fluencenorm (F5)
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